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tion study on the self-assembly of
tethered nanoparticles with tunable shapes†

Sheng-Fang Lu, Bing-Yu Li, Yan-Chun Li * and Zhong-Yuan Lu

We built a tethered nanoparticle (TNP) model that is composed of a nanoparticle with a hydrophobic

tethered polymer chain. The shape of the nanoparticle can be tuned from a pure rigid cube to a soft

sphere, mimicking the increase of grafting density on the nanocube surfaces. With this model, we study

the self-assembly of TNPs in dilute solution using a dissipative particle dynamics simulation technique,

and especially focus on the influence of particle shape, tethered chain length, and grafting density on

the self-assembly structures. Some intriguing aggregates such as spherical micelles, pearl-necklace-like

structures, cubic columnar structures, handshake structures, core–shell–corona micelles, and four-

patch micelles have been observed when varying the interactions between cubes and solvents and the

lengths of tethered chain. Modifying the nanocube surface with some hydrophilic grafted chains helps

the TNPs form small micelles. Increased steric repulsion due to chain overlapping at larger grafting

densities results in shape transformation of the nanoparticle from a rigid cube to a soft sphere. In these

cases, the self-assembled structures are characterized by the packing of nanoparticles on the micelle

surface, and the typical packing mode turns from rectangular (typical for cubes) to hexagonal (typical for

spheres).
1 Introduction

Tethered nanoparticles (TNPs)1 composed of chemically
distinct and geometrically anisotropic building blocks provide
a promising strategy for bottom-up material design. TNPs are
usually composed of “so chains” and a shape-persistent “rigid
head” (i.e., nanoparticle). For example, a unique type of TNPs,
called “surfactant-like giant molecules” that possess a polar
ionic head tethered with a exible hydrophobic chain,2–4 can be
regarded as the size-amplied version of small molecules since
they capture the structural feature of small molecules but
possess a large size.2–4 For the TNP system, various shapes,
distinct symmetry, and topology are considered as very impor-
tant parameters to control their self-assembly process. A wide
variety of TNP self-assembly structures have been reported with
potential applications in functional materials5,6 and
nanodevices.7–9

Nanoparticles with various shapes such as sphere,10 rod,11

and cube,12 provide many possibilities to study geometrical
effects of rigid nanoparticles on their self-assembly. Cheng and
coworkers13,14 synthesized a class of giant molecules by attach-
ing acid-functionalized polyhedral oligomeric silsesquioxane
(APOSS) or carboxylic acid-functionalized fullerene (AC60) onto
Structure and Materials, Laboratory of

Institute of Theoretical Chemistry, Jilin
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tion (ESI) available. See DOI:
so polymer chains based on click chemistry. They demon-
strated a route to control the self-assembly of the PS-APOSS with
a hydrophilic head and hydrophobic tail. The self-assembled
morphology of PS-APOSS can evolve from vesicles to wormlike
cylinders and further to spheres as the degree of ionization of
the carboxylic acid groups is increased.10 Furthermore, they also
focused on phase separation behaviour of two series of shape
amphiphiles PSn-AC60 and 2PSn-AC60. A number of self-
assembled micellar structures can be obtained by changing
molecular topology, polymer tail length, and initial molecular
concentration.14 Computer simulation, as a link between
experiments and theory, can provide reasonable predictions to
self-assembly structures of TNPs.15,16 It is not surprising that
many exotic self-assembled structures of TNPs have been re-
ported by using simulations.1,17,18 Glotzer and coworkers pio-
neeringly performed a series of Brownian dynamics simulations
about self-assembly of TNPs. Specically, TNP with different
shapes of head groups such as sphere, cube, rod, and triangle,
as well as functionalized with different number or topology of
chains, has been investigated.19–24 They explored the packing
constraints due to the nanoparticle geometry and found that
such systems have much richer self-assembly structures than
traditional block copolymers. Wang and coworkers used dissi-
pative particle dynamics (DPD) simulation method to study the
self-assembly behaviour of TNP amphiphiles.25,26 By varying the
interaction between nanoparticle heads and solvents, the size of
the nanoparticles, the length and the number of the chains,
they obtained sphere like micelles, pomegranate-like micelles,
This journal is © The Royal Society of Chemistry 2019
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hierarchical colloidal polymeric structures, disklike micelles,
vesicles, and so on.

Beneted from the booming synthesis techniques, the shape
and size of many nanoparticles can change in response to
external stimuli and molecular input.27 For example, Yoo and
Mitragotri synthesized poly(lactide-co-glycolide) particles whose
shape switch can be controlled by temperature, pH, and
chemical additives.28 Gang and coworkers29 graed dodeca-
nethiol ligand chains on cubic palladium nanoparticles, and
these ligand chains form a so shell on the nanoparticle
surface. They adopted a reconguration process via solvent
evaporation. The lattice packing changed with the shape of
nanoparticle that continuously transforms from cubic to quasi-
sphere. Some simulations have also been used to study the
ordered packing of nanoparticle systems, in which the shape
evolution of nanoparticles can be described explicitly. Ni et al.30

built the phase diagram of colloidal hard superballs, whose
shape interpolates between cubes and octahedra via spheres.
Glotzer and coworkers31,32 obtained many exotic crystal struc-
tures based on nanoparticle model through geometry-driven
self-assembly approaches and conrmed that ordered packing
can form via different shape-shiing processes.

Since the nanoparticle head of a TNP is normally protected
with ligand chains during fabrication, the possible stimuli–
response of ligand chains may effectively change the shape of
TNP head and consequently inuence the self-assembly of
TNPs. Unfortunately, the effect of shape of TNPs and corre-
sponding shape variation on their self-assembly structures has
not been systematically studied, even though such an effect is
apparently unique for TNPs. For a better understanding of the
self-assembly behaviour of TNP in shape-changing process,
a suitable model is needed. However, there have been no
simulation model and studies available considering shape-
changing of TNP. In this study, we have established a TNP
model in which the variation of the head of TNP can be taken
into account, to implicitly mimic the important inuence of
ligand chains. With this model, we used dissipative particle
dynamics to study (i) the self-assembly of tethered nanocubes in
selective solvent, and (ii) the effect of shape-changing of TNP
heads on the packing and aggregation of TNPs.
2 Model and simulation method

Our model is shown in Fig. 1. A TNP consists of a exible
polymer chain monotethered on a so-shell nanoparticle. The
Fig. 1 The model of a TNP consists of a soft-shell nanoparticle and
a tethered polymer chain. The semitransparent yellow beads (G)
represent the soft shell of the nanoparticle, and correspondingly
control the nanoparticle shape, the green beads (A) represent the
cube, and the blue beads (B) represent the polymer chain.

This journal is © The Royal Society of Chemistry 2019
green beads are named type A beads. The outermost eight A
beads locate at the eight vertices of the cube. The semi-
transparent yellow beads are named type G beads, which
shape up the so shell.

Dissipative particle dynamics (DPD) as a coarse-grained
simulation method allows larger time and length scale simu-
lations and takes into account the effect of hydrodynamics. It
was introduced in 1992 by Hoogerbrugge and Koelman33 and
had been widely used in studies of self-assembly of so matter
systems. In DPD, a coarse-grained bead represents a group of
atoms, and all of the DPD beads obey the Newton's equations of
motion:34

dri

dt
¼ vi mi

dvi

dt
¼ fi; (1)

in which ri is the position of the bead i, vi is the velocity of the
bead i,mi is themass of the bead i, and fi is the sum of the forces
acting on the bead i. In the simulation, the interaction cutoff,
the bead mass and the energy kBT are set to be unity, i.e., rc ¼ m
¼ kBT¼ 1, so the time unit s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mrc=kBT
p ¼ 1: Actually, we have

considered a generic model for polymer tethered nanoparticles;
a description on the length, time and temperature scales is
shown in ESI.† The bead i receives a total of three forces: they
are conservative force FCij, dissipative force F

D
ij and random force

FRij:

fi ¼
X
isj

�
FC
ij þ FD

ij þ FR
ij

�
: (2)

These forces act on pairs of beads i and j. They are given by:

FC
ij ¼ aiju

C(rij)eij, (3)

FD
ij ¼ �guD(rij)(vijeij)eij, (4)

FR
ij ¼ suR(rij)xijDt

�1/2eij, (5)

in which, rij ¼ ri � rj, rij ¼ |rij|, eij ¼ rij/rij, vij ¼ vi � vj, and xij is
the random variable with zero mean and unit variance, g is the
friction coefficient related to the dissipative force. The dissi-
pative force and random force couple together to form the
thermostat. uC(rij) is a weight function depending on r. We
usually choose: uC(rij) ¼ 1 � rij/rc for rij/rc < 1 and uC(rij) ¼ 0 for
rij/rc > 1. According to Español and Warren,35 uD(rij), u

R(rij), s
and g satisfy the relations:

uD(r) ¼ [uR(r)]2, (6)

s2 ¼ 2gkBT. (7)

The beads on each tethered polymer chain are connected by
harmonic springs with FS

i ¼ P
j
Cðrij � reÞ; in which the spring

constant C and the equilibrium bond length re are respectively
set to 120 and 0.86 to ensure the bond length distribution is
within a reasonable range.

Since in DPD simulations “so bead” model is generally
adopted, it is inevitable that there is bead overlapping and bond
RSC Adv., 2019, 9, 1354–1361 | 1355
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crossing in dynamic process, which is however unreasonable in
the real system. It may result in problems especially when
describing nanoparticles in DPD simulations. In order to
ensure that rigid nanoparticles can be reasonably described in
our simulations, we use a modied DPD potential between A
beads to construct the cubes, in which a rigid core is added to
each A bead by redening the conservative force so that beads
cannot penetrate each other. Moreover, we further add a small
cube in the centre of cubic head. This double-layered nested
structure ensures rigid heads cannot overlap and the chain
cannot enter the interior of the rigid body. The modied
conservative force in DPD is:36

FC
ij ¼

8<
:

Fmaxeij rij\2rs
aij

�
1� rij

�
rc
�
eij 2rs # rij # rc

0 rij . rc

: (8)

rs and Fmax are hard core radius and force parameter, respec-
tively. Fmax brings a large but nite potential barrier to the
overlapping beads. rs ¼ 0.3 and Fmax ¼ 100 are used in our
simulations. We have used radial distribution function (RDF) to
prove there is indeed no overlapping between cubes as shown in
ESI Fig. S1.†

In the simulation, polymer chains are modeled hydrophobic
and the cubes are hydrophilic. The DPD interaction parameters
are shown in Table 1.

Here the interaction parameter between the same type of
beads aii is set as 25. The conservative interaction strength aij

can be mapped to Flory–Huggins c-parameter at r ¼ 3:34

aij z aii + 3.27cij. (9)

The simulation box size is 40 � 40 � 40. The side length of
cube is 0.78rc. In order to maintain the temperature of the
simulation, the simulation timestep is set to dt ¼ 0.008. Each
simulation undergoes at least 5 � 106 steps for equilibrium.
The concentration of the system is f ¼ 0.05, as dened by

f ¼ NC � Vcube þNC � LC � VC

NC � Vcube þNC � LC � VC þNS � VS

(10)

NC, LC, NS are the numbers of nanocubes, beads in polymer
chains, and solvent beads, respectively. Vcube, VC, VS are the
volumes of rigid cubic heads, beads in polymer chains, and
solvent beads, respectively. The details on the number and size
of bead in each simulation box are shown in ESI Table S1.†

G beads correspond to a bunch of ligand chains graing on
the surface of rigid cubic head, thus our nanoparticle is similar
to the one reported by Gang and coworkers.29 The shape of TNP
can be tuned by adjusting the interaction between G beads. In
an extreme condition that aGG ¼ 0, the graing density is 0 and
the nanoparticle is simply a nanocube. With the increase of the
Table 1 The interaction parameters of tethered nanocubes

A B S

A 25 55 aAS
B 55 25 50
S aAS 50 25

1356 | RSC Adv., 2019, 9, 1354–1361
interaction between G beads, the graing density becomes
larger and the shape of the nanohead transforms from cube to
sphere gradually. In this way, the regulation of the shape of
nanoparticles is achieved, as illustrated in Fig. 2. The interac-
tion parameters of double-layer nested cubic nanoparticles with
G particles in the case with aGG ¼ 0 and aAS ¼ 50 are shown in
ESI Table S2.†

All simulations were performed using GALAMOST package,
which is a GPU-accelerated large-scale molecular simulation
toolkit developed in our group.37
3 Simulation results and discussion

We rst focus on the self-assembly of tethered nanocube with
hydrophilic head and hydrophobic chain in dilute solution. As
shown in Fig. 3, when aAS ¼ 25 (i.e., the cubic head is kept
hydrophilic), the tethered nanocubes self-assemble into
dispersed spherical micelles. As chain length increases, the
aggregate size increases while the number of aggregates
decreases (the number of aggregates is 49, 28, 16, 10 for n¼ 3, 5,
10, 15). We choose an empirical value 1.25 to draw a circle. If
a bead appears in this circle, then it is dened as a neighbor of
the center bead in the same aggregate. The rigid hydrophilic
cubes distribute on the micelle surface loosely and basically in
an equal-distance way to protect the hydrophobic chains. There
is no apparent packing mode of these cubes, which means the
shape of the cubes does not determine the self-assembly
structures. It implies that there would be no difference on
micelle structure if spherical hydrophilic nanohead is adopted,
and the shape of head nanoparticle is not a big issue on
controlling the self-assembly structure.

But we can imagine that in cases of decreasing the solubility
of nanohead, the micelles start to aggregate or even coalesce. In
these cases the shape of rigid nanohead will play a role on
determining the self-assembly structures. By systematically
varying the interaction between nanocube heads and solvents
and the tethered chain length, we obtain the self-assembly
structure diagram (Fig. 4) which exhibits interesting aggrega-
tion behaviour of tethered nanocubes, as compared with
traditional block copolymer system or tethered nanosphere
system.25,26

As shown in the rst column of Fig. 4, when the nanocubes
are slightly hydrophobic (i.e., aAS ¼ 30), the originally well-
Fig. 2 Schematic of the route to regulate the shape of TNP. The
colour code is the same as in Fig. 1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Self-assembled structures with different chain lengths at aAS ¼
25. (a) n ¼ 3, (b) n ¼ 5, (c) n ¼ 10, (d) n ¼ 15. The solvent beads are not
shown for clarity. The colour code is the same as in Fig. 1.
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dispersed micelles start to aggregate to form pearl-necklace-like
structures38 and the distance between nanocubes decreases.
More structural details are shown in ESI Fig. S2.† We also
examine the stability of these structures by mimicking anneal-
ing process in all DPD simulations. We rst increase the
temperature to T ¼ 2.5, at which the pearl-necklace-like struc-
ture disappears and only some small micelles exist in the
solution; then we decrease the temperature back to T ¼ 1.0
slowly by 0.1 per 5� 105 time steps. Aer the annealing process,
the dispersed micelles re-aggregate into pearl-necklace-like
structures quite similar to those obtained in direct simula-
tions, which means the structures shown in the rst column of
Fig. 4 are the equilibrium structures at the corresponding
thermodynamic condition. Similar structures have been
Fig. 4 Self-assembly structure diagram of tethered nanocubes. The
horizontal axis represents the interaction between beads in cubic head
and solvent, the vertical axis represents the chain length. The colour
code is the same as in Fig. 1. The structures highlighted in red square
will be shown in Fig. 5 with more details.

This journal is © The Royal Society of Chemistry 2019
observed in experiments.39–41 This type of structure obtained in
our simulations is related to the stable interface formed by rigid
nanocubes. The packing of the nanocubes on the surface of
micelles slows down the surfactant exchange between micelles
and the corresponding structure rearrangement; therefore the
pearl-necklace-like structure can be stably formed as shown the
movie in ESI.†

When the interaction parameter aAS further increases to 40,
the nanocube is more hydrophobic. The corresponding self-
assembly structures are shown in the second column of Fig. 4.
It should be noted that when the whole self-assembly building
block is hydrophobic enough (in our case when aAS>30), the
equilibrium self-assembly structures can only be obtained aer
annealing in our simulations. In a typical annealing simulation,
aer initial equilibration, temperature is increased to T¼ 2.0 to
partially destroy the original self-assembly structures. Then the
temperature is decreased to T ¼ 1.0 slowly by 0.1 per 5 � 105

time steps. Aer that, at least 1 � 106 time steps simulation is
performed to obtain the self-assembly structures. In all these
four structures shown in the second column of Fig. 4, the
nanocubes are packing tightly and surrounding the hydro-
phobic chains. When the chain is short (n ¼ 3, 5), the self-
assembly structures are greatly affected by the shape of nano-
cubes: the rigid cubic heads are packing in face-to-face manner
and form the framework of columnar structures (as shown the
movie in ESI†), while the tethered chains distribute in the
channels of the framework, similar to the structure obtained in
experiments.42 Obviously, the diameter of the channel in the
case of n ¼ 3 is smaller than that in the case of n ¼ 5, which
implies that it is possible to tune the chain length and type to
control the channel size and interior property, and the corre-
sponding material may be used as responsive lters. These
framework structures are still quite stable in higher concen-
trations. For example, as shown in ESI Fig. S3,† we obtain
hexagonally arranged columnar structures imbedded in
framework formed by nanocubes when the concentration
increases to 0.07 for n ¼ 5. The stability of the self-assembly
structures is endowed with the shape and volume persistence
of the nanocube.43,44 When tethered chain length increases to n
¼ 10, we obtain the handshake structure,45 in which the outer
shells formed by nanocubes possess different orientations. A
core–shell–corona micelle is obtained in case of n ¼ 15, in
which core, shell, and corona are composed of nanocube,
tethered chain, and nanocube, respectively. The formation of
these two structures is due to the compromise between bending
rigidity of layer structure formed by nanocubes favoring
a planar conguration and surface tension of the whole struc-
ture favoring a spherical conguration.

The third column of Fig. 4 shows the self-assembly struc-
tures obtained in the cases with aAS ¼ 50. Some details on
typical structures viewing in different directions are shown in
Fig. 5. In this situation, in the competition between bending
rigidity and surface tension, the latter has more inuence on
determining the self-assembly structures. Therefore, the ob-
tained self-assembly structures are more spherical, and the
packing of nanocubes is more ordered (Fig. 5). Since it is
impossible to perfectly tessellate spherical surface with squares,
RSC Adv., 2019, 9, 1354–1361 | 1357
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there are naturally some packing defects on the surface of more-
spherical micelles. An interesting result is shown in Fig. 5a: the
competition between surface tension and bending rigidity
results in a four-patch micelle. This type of structure has
potential applications as mesoscopic building blocks in con-
structing hierarchical three-dimensional ordered structures at
larger length scale.

The results shown in Fig. 3 and 4 clearly demonstrate the
inuence of nanocube shape and solvent condition on the self-
assembly structures of TNPs. In all the cases reported above, the
nanocubes are free of any ligand modication; therefore the
nanocube shape can have its maximum inuence on TNP self-
assembly. Actually in a large amount of experiments, the
nanoparticle surface is normally protected by graed ligand
chains with controlled graing density. The interactions
between nanocubes are consequently mediated by ligand
chains and adsorbed solvent molecules, which will largely
inuence the self-assembly structures of TNPs. From the coarse-
grained point of view, the graed chains and adsorbed solvent
molecules actually form a so shell around the rigid nanocube
(ESI Fig. S4†). Also as illustrated in Fig. 2 together with Fig. S4,†
it is possible to represent the effective interaction between
graed chains by tuning the interactions between the beads
forming the so shells of two TNPs. As graing density
increases, the graed chains are more crowded and the inter-
action between graed nanocubes is more repulsive due to
larger steric repulsion between chains. Moreover, the number of
adsorbed solvent molecules in the graed chain layer becomes
lesser. Therefore, when we increase aGG to represent the
increasing repulsion between so shells in cases of larger
graing densities, we simultaneously increase aGS to reect
more solvent molecules are “repelled” from the graed chain
layers (ESI Fig. S4†).
Fig. 5 These structures correspond to the highlighted structures in
Fig. 4. (a1� a3) show core–shell–coronamicelle with four patches, (b1
� b3) show the handshake structure, (c1 � c3) show the columnar
structure. The first and the second columns show structures in
different directions. The third column shows only the nanocubes,
while (b3) also shows the iso-density surface of tethered chains. The
colour code is the same as in Fig. 1.

1358 | RSC Adv., 2019, 9, 1354–1361
We take the TNP system A1B15 in the case of aAS ¼ 50 as
a reference, for which the representative self-assembly structure
of TNPs with bare nanocubes (aGG ¼ 0) is shown in Fig. 5a. We
then change aGG ¼ aGS to 5, 10, 15, 20 and 25, to represent the
shape of nanocube head transform from cube to superball30

then to sphere, according to the increasing graing densities
(cf. Fig. 2). Key simulation parameters are shown in Table 2, and
other parameters are consistent with those used above.

Fig. 6 shows the representative self-assembly structures of
TNP system A1B15 with different interaction parameters
between G beads as well as between G and S beads. When aGG

and aGS are small, the so shell of the TNP is more “penetrable”
by other so-shell and solvent beads; it also means the so shell
of TNP is more accessible to solvent, or in another word, more
hydrophilic. When aGG and aGS are large, the shell beads are
more repulsive to other shell and solvent beads, and the origi-
nally cubic head turns to be more spherical. As shown in Fig. 6a,
in the case of aGG ¼ aGS ¼ 5 the self-assembly structure of TNPs
is dispersed small spherical micelles in solution. Here the
surface of nanocube is sparsely graed with hydrophilic chains,
and these so-formed hydrophilic nano-heads help to stabilize
the micelle structures. Solvent beads distributed in the graed
chain layer prevent further aggregation and fusion between
small micelles. As aGG increases, these small micelles slowly
aggregate. It should be noted that in the cases with larger aGG,
the so shell is still hydrophilic, but the eight exposed hydro-
phobic nanocube corner beads take more and more inuence
on the self-assembly structures. The increase in aGG corre-
sponds to more and more graed ligand chains on nanocube
surfaces, and these chains can “feel” more entropic repulsion
from their neighbors and deviate from the unperturbed state.43

In such situation, if we see the TNP system at nanoparticle level,
shells surrounding the nanocubes become harder due to
densely graed ligand chains, at the same time the solvents
cannot penetrate into the shell region. Therefore the self-
assembly process will be dominated by the hydrophobic inter-
action between nanocube corner beads as illustrated in Fig. 1.
The self-assembly structures turn to be larger micelles with
loosely and hexagonally packed spherical nanoparticles
distributing at the micelle surfaces (Fig. 6d and e).

In order to further explore the nanoparticle distribution at
the micelle surface, we have calculated the distances between
centers of mass of neighboring TNP heads in each system
shown in Fig. 6. We then rank the obtained distances from the
small to the large, i.e., for each system we rank the smallest
distance between nanoparticles the rst, then rank the second
smallest distance the second, and so on. The results are shown
in Fig. 7. Apparently, with increasing aGG the distance between
Table 2 The interaction parameters of tethered soft-shell
nanoparticle

A G B S

A 25 25 55 50
G 25 aGS 55 aGS
B 55 55 25 50
S 50 aGS 50 25

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Representative self-assembly structures of TNP system A1B15

with aAS¼ 50 and (a) aGG¼ aGS¼ 5, (b) aGG¼ aGS¼ 10, (c) aGG¼ aGS¼
15, (d) aGG ¼ aGS ¼ 20, and (e) aGG ¼ aGS ¼ 25. In (d) and (e), the iso-
density surfaces of micelle hydrophobic cores are also shown aside
the self-assembly structures. The solvent beads are not shown for
clarity. The colour code is the same as in Fig. 1. It should be noted that
from (a) to (e), the colour of G beads changes from light yellow to
yellow, showing the soft shell turns to be more non-penetrable with
increasing grafting density on the nanocube surface.

Fig. 8 Radial distribution functions g(r) between centres of mass of
head nanoparticles for A1B15 in the case with aAS ¼ 50. The snapshot
for the equilibrium self-assembly structure in the case of aGG ¼ 0 is
shown in the inset. A parallelogram packing of nanocubes is high-
lighted with read lines in the snapshot.
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nanoparticles is gradually decreasing. In the case with aGG ¼ 5,
the distance rcm has a broad distribution, characterizing the
loosely distributed nanoparticles at micelle surfaces shown in
Fig. 6a. In contrast, for aGG ¼ 20 and 25 the distance rcm does
not change much with increasing ranking from 20 to 150. It
clearly shows the close packing of nanoparticles in these two
cases. Statistically, the distance rcm at the same rank is slightly
larger in the case with aGG ¼ 25 as compared to that with aGG ¼
20, which is a natural result of more rigid “shell” in the case
with larger aGG. It reasonably reects that the nanoparticles
start to repel each other when the graing density is pretty
large.
Fig. 7 The ranking of center of mass distances between neighboring
head nanoparticles. g represents the ranking of the center of mass
distance of nanoparticles (the first 150 rankings are shown). rcm
represents the center of mass distance between head nanoparticles.

This journal is © The Royal Society of Chemistry 2019
We have also calculated the radial distribution functions
(RDFs) between centres of mass of head nanoparticles in the
cases with different values of aGG. For aGG equal to 5, 10 and 15,
the RDFs are similar to the one characterizing typical liquid
structure, reecting the fact that the hydrophilic head nano-
particles are homogeneously distributed on the micelle
surfaces, as illustrated in Fig. 6a–c. We then focus on RDFs for
two extreme cases with different nanoparticle shapes, one is for
aGG ¼ 25 and the corresponding self-assembly structure is
shown in Fig. 6e, and the other is for aGG ¼ 0 and the corre-
sponding self-assembly structure is shown in Fig. 5a. The RDFs
for these two cases are shown in Fig. 8. The rst peak positions
for the two systems are 1.51 and 2.07, corresponding to the
packing of nanocubes and nanospheres, respectively. Appar-
ently the packing of cubic head is more compact than spherical
head. The RDF for the system of aGG ¼ 25 has a crested peak
signal,46,47 which is a clear evidence for hexagonal packing; i.e.,
each nanosphere has six neighbouring spheres on a curve
surface next to it. For aGG ¼ 0, the main peaks (about at 1.51,
3.01 and 4.49) satisfy the relationship of 1 : 2 : 3, characterizing
the closest packing of nanocubes. But it is interesting to see
from Fig. 8 that two small peaks (see the arrows) appear
between the rst and the second main peaks for aGG ¼ 0. As
illustrated in Fig. 8, the two small peaks correspond to two
diagonal lines of a parallelogram. The nanocubes are packing in
this way so that the tension due to bending of the layer can be
better relaxed.

4 Conclusions

Using dissipative particle dynamics simulation technique, we
have studied the self-assembly of tethered nanoparticles with
tunable shapes in dilute solution. In the cases that the tethered
nanohead is a rigid cube, we have obtained a variety of self-
assembly structures with the change of interaction between
rigid nanocube and solvent and the length of tethered chains.
RSC Adv., 2019, 9, 1354–1361 | 1359
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When the nanocubes are hydrophilic, the self-assembly struc-
tures are typically micellar with hydrophobic tethered chains
forming the micelle core and nanocubes homogeneously
distributing on the micelle surface. The nanocubes start to
aggregate when the solvent turns to be poor for both tethered
chains and nanocubes, and some regular aggregates can be
obtained with characteristic structures depending on the
packing modes of nanocubes. The shape of the nanohead does
matter in the formation of these aggregated structures.

Actually in a large amount of experiments, the nanoparticle
surface is normally protected by graed chains with controlled
graing density. We model the graed chains and adsorbed
solvent molecules using a so shell surrounding the rigid
nanocube. Tuning the interactions between so shells and
between so shell and solvent is corresponded to changing the
graing density. Starting from an aggregated structure, modi-
fying nanocube surface with some hydrophilic graed chains
(i.e., using small interaction parameters between so shell
beads) immediately helps the TNPs form small micelles.
Increasing interaction parameters between so shell beads
mimics the increasing steric repulsion from chain overlapping
at larger graing densities, thus effectively tunes the nanohead
from cubic to more spherical. In these cases the self-assembled
micelle structures start to coalescence and the packing of
nanoparticles on the micelle surface turns from rectangular
(typical for cubes) to hexagonal (typical for spheres).

Our simulation results show new possibilities to design the
self-assembly structures of TNPs and illustrate the importance
of nanoparticle shapes on determining packing modes and
structures of TNPs.
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