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Abstract

The self-assembly of polymer grafted nanoparticles is more and more used in the
field of functional materials. However, there is still a lack of analysis on the
dynamic transformation paths of different self-assembly morphologies, which makes
it impossible to achieve further precise regulation and targeted design in
experiments and industrial production. In this work the effects of patchy property,
grafted chain length, ratio and grafting density on the self-assembly behavior and
structure of polymer grafted flexible patchy nanoparticles are investigated by
dissipative particle dynamics simulation method through the construction of
coarse-grained model of polymer grafted ternary nanoparticles. The influence and
regulation mechanisms of these factors on the self-assembly structure
transformation of flexible patchy nanoparticles are systematically studied, and a
variety of structures such as dendritic structure, columnar structure, and bilayer
membrane are obtained. The self-assembly structure of flexible patchy nanoparticles
obtained in this work (such as bilayer membrane structure) provides a potential
application basis for designing drug carriers. By precisely regulating the specific
structural characteristics of the system, it is possible to achieve efficient loading of
drugs and targeted delivery functions, thus significantly improving the

bioavailability and effect of drugs.
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1. Introduction

Polymer-grafted nanoparticles refer to the modified nanoparticle structure formed by the
modification of polymer chains onto the surface of inorganic nanoparticles through covalent bonds.
If the polymer chain grafted to the surface of the nanoparticle is hydrophilic and hydrophobic, the
resulting polymer-grafted nanoparticle in this case is amphiphilic. These nanoparticles and block
copolymers have similar chemical properties, and they can form highly ordered structures through
self-assembly in solution™ ™. Polymer-grafted nanoparticles combine the unique physical and
chemical properties of nanoparticles (such as optical properties®® , magnetic properties® ,and
catalytic properties, etc.) With the adjustability of polymers (such as flexibility, biocompatibility,
etc.), so that they can have structures and functions that other materials can not achieve. Therefore,
this nanocomposite has a wide range of potential applications in materials science, biomedical®***!,
energy™? and other fields. Nanoparticles have poor dispersion in solvents™¥, and it is difficult to
form ordered aggregates by self-assembly. When the surface of these nanoparticles is grafted with
polymer chains, the whole system can show controllable aggregation behavior under the joint
action of various forces (interactions between nanoparticles, polymer chain-chain interactions,
polymer chain-solvent interactions)***". Ordered structures with good properties (such as
dendritic structure, columnar structure, bilayer membrane structure, etc.) Can be obtained by

effectively and precisely controlling the self-assembly process of polymer-grafted nanoparticles.

With the rapid development of computer hardware and software, computer simulation technology
has been widely used in the research of soft matter self-assembly because of its efficient and fast
characteristics™™® 24, Computer simulation can not only provide design schemes for screening new
materials, shorten the development cycle of new materials and reduce the development cost, but
also further study the influence of individual factors on the self-assembly path transition of
polymer-grafted nanoparticles, so as to discover the regulation mechanism of their self-assembly
morphology. In recent years, there have been a large number of simulation studies on the

self-assembly of polymer-grafted nanoparticles™ 2%, Song et al.”

studied the self-assembly
behavior of polymer-grafted nanoparticles in solution by dissipative particle dynamics simulation,
and discussed in detail the effects of solvophobic segment length, solvophobic segment length

ratio, solvent selectivity and other factors on the self-assembly behavior of the system, and



obtained rich structures such as multi-chamber vesicles, onion-like vesicles, conchoidal micelles,
double-layer micelles, etc. Ma et al.”® Studied the self-assembly and aggregation behavior of
amphiphilic block copolymer grafted nanoparticles in hybrid assemblies. By changing the number
of arms of the grafted amphiphilic block copolymer, the length of the hydrophobic block, and the
interaction parameters between the nanoparticles and the hydrophobic block, different
morphologies of hybrid aggregates were obtained, including branched rod-like micelles, ring-like
micelles, discoid micelles, and vesicles. Ma et al.” Also studied the self-assembly of shape
amphiphiles composed of a hydrophilic head and one or more hydrophobic tails. By changing the
interaction parameters between the hydrophilic head and the solvent, the length of the
hydrophobic tail, the size of the hydrophilic head, and the number of hydrophobic tails, vesicles,
discoidal micelles, and segmented rodlike micelles were obtained. Estridge and
Jayaraman®®” studied the self-assembly behavior of AB diblock copolymer grafted particles in an
implicit solvent by molecular dynamics simulation, and explored the effects of solvent selectivity,
grafting length and particle size on the formation and assembly of plaque particles. Hou et
al.B! designed a new type of polymer chain grafted nanoparticles by coarse-grained molecular
dynamics simulation, and discussed the effects of polymer chain length, density and stiffness on
its self-assembly structure. So far, the research on the self-assembly of flexible polymer
chain-grafted nanoparticles in solution has mainly focused on the influence of the properties of the
grafted chain on the self-assembly structure of the system, while the influence of the central
particle on the structure of the system has been less discussed®™ %, Li et al.*”) studied the
cooperative assembly of amphiphilic oligomers and Janus particles with different hydrophobic
patch coverage. By changing the patch coverage, spherical, rod-like, disk-like and other
self-assembly structures were obtained. Xu et al.®! proposed a new non-spherical particle model.
By using Brownian dynamics simulation method, various self-assembly structures such as vesicles,
spherical micelles and so on were obtained by changing the aspect ratio and component ratio of
ellipsoidal particles. These results indicate that the structure of the central particle plays an
important role in the formation and regulation of the self-assembly structure of the system, and it
is of great significance to further study the influence of the structure and properties of the central

particle on the self-assembly structure.

In this paper, a coarse-grained model of flexible patchy nanoparticles was constructed, and the
self-assembly behavior of the system was systematically studied by dissipative particle dynamics
(DPD) simulation, focusing on the control mechanism of the hydrophilic/hydrophobic segment
length ratio, system symmetry and grafting density on the self-assembly structure and dynamic

behavior.

2. Model and method

The model used in this paper is shown in Fig. 1. The system is constituted by six different types of
particles: hydrophilic segments made of white particles C with a length of L. and a grafting



number of N, hydrophobic segments made of gray particles D with a length of L and a grafting
number of Np, solvent particles S (not shown inFig. 1), The middle patchy nanoparticle group is
composed of particles with a diameter of 1. The patchy nanoparticle is composed of three parts,
namely, a blue patch grafted with a hydrophilic segment, a yellow patch grafted with a

hydrophobic segment, and a red patch not grafted with a segment.

Figure 1. Polymer grafted nanoparticle model. The white and grey segments represent
hydrophilic and hydrophobic segments, respectively. The blue and yellow patches correspond to
the grafting regions of the hydrophil (C) and hydrophobic (D) chains, respectively, and the red
patch corresponds to the non-grafting region.

In the simulation, the size of the simulation box is set to Ly = Ly = L, = 40, 15 flexible
patchy nanoparticles and solvent particles S are placed in the box, and the number density of all
beads in the system is set to 3.0.

First proposed by Hoogerbrugge and Koelman®” in 1992, DPD is a meshless particle-in-cell
simulation algorithm for the simulation of complex fluid behavior at the mesoscopic scale.
Compared with molecular dynamics (MD), it can simulate the hydrodynamic behavior of larger
and more complex systems in the microsecond range . In the DPD simulation, the
coarse-grained DPD particles interact with each other through pairwise interaction forces, which
include the conservative force F©, the random force FR and the dissipative force F°. All DPD
particles obey Newton's equation of motion:
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Where 1; , v; , m; represent the position, wvelocity, and mass of the i particle,
respectively. f; represents the resultant force acting on the i particle, which is the sum of all

pairwise interaction forces:
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The three pairwise forces are
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Here a;; refers to the repulsive interaction parameter between particle i and particle j; rij=
A
r— 1, 1 = |ryl, iy =1/15 vij = v; — vj; pis the friction coefficient that controls

the magnitude of the dissipative force; o is the noise amplitude controlling the strength of the
random force; 6;; is a normally distributed random variable. y ando are related by

0% = 2ykgT. (6)
The w(r;;) weight function is derived from the work of Groot and Warren". It is expressed as
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Where 1. denotes the truncation radius. We performed a series of DPD simulations in the NVT
ensemble, all with the help of the GPU-accelerated molecular simulation software PYGAMD 2]
The simulations were run with periodic boundary conditions, and each simulation was run for at
least 5 > 10° steps, the last 2 x 10° steps were used for statistics, and the time step was set
to At = 0.04t.

The interparticle interaction parameter can be expressed by the relationship between «;; and the
Flory-Huggins interaction parameter x;;: a;; = a;; + 3.497 x;;. In the parameter setting, for

the same DPD particles (i= A, B, C, D, E, S), we set the interaction parameter as a;; = 25,



which means that the compatibility between the same particles is strong. The other interaction

parameters are expressed in terms of symmetric matrices as follows:

A B C D E S
A 25 27 50 27 50 aus
B 27 25 35 25 35 29
aj;=[C 50 35 25 35 25 35]. ©)
D 27 25 35 25 35 29
E 50 35 25 35 25 35
S ans 29 35 29 35 25

The larger the a;; is, the stronger the repulsive force between the two particles is. The apg in
the matrix is the adjustment variable, which represents the force between the middle patch particle
A and the solvent particle S. The adjustment range of the asgis 25-60, which corresponds to the
change of the hydrophilic to hydrophobic properties of the A patch.

In this paper, the effects of (@as), (@), (L) and (Lp) on the self-assembly behavior of flexible
patchy nanoparticles in solution were investigated by selecting the patch properties ag, grafting
density @, hydrophilic and hydrophobic segment length (L) and hydrophobic segment length Lp

as the main parameters.

3. Results and Discussion

Four typical self-assembly structures were successfully obtained by controlling the relevant
parameters: discrete structure (Fig. 2(a)), dendritic structure (Fig. 2(b)), columnar structure (Fig.
2(c)) and bilayer membrane structure (Fig. 2(d)). In the discrete structure, the flexible patchy
nanoparticles have the highest dispersion, the interfacial contact area with the solvent is
maximized, and the surface is coated by polymer chains. The dendritic structure is a highly
bifurcated network formed by multiple flexible patchy nanoparticles connected end-to-end by the
same graft chain, in which the contact area between the particle and the solvent is large, and the
graft polymer chain mainly plays a "bridging" role. The columnar structure is a multi-layer stack,
each layer is composed of three to five flexible patchy nanoparticles arranged in order, and the
contact area between the nanoparticles and the solvent is small. Compared with the columnar
structure, the bilayer membrane structure contains only two layers of nanoparticles, which has a
symmetrical configuration. The overall performance is that the hydrophilic chain is outward and
the hydrophobic chain is inward, and the contact area between the system and the solvent is

minimized.



(b)

Figure 2. Typical structures during self-assembly processes of flexible patchy nanoparticles: (a)
Discrete structure; (b) dendritic structure; (c) columnar structure; (d) bilayer membrane structure.

Firstly, under the condition of fixed graft chain number Nz = Np = 20, the influence of the
interaction force parameter g between nanospheres and solvents and the graft chain length L
on the formation of the system structure was systematically discussed, where L = L = Lp.The
specific results are shown in the Fig. 3. It can be seen that when the nanospheres are hydrophilic
(aas = 25), the nanospheres show a tendency to disperse in the system, and at the same time,
due to the attraction of the grafted chains, the further dispersion of the nanospheres is limited, and
finally the system shows a branched structure as a whole; As the repulsion between the
nanospheres and the solvent increases, the nanospheres tend to aggregate closely to reduce the
contact area with the solvent, thereby reducing the free energy of the system, and the structure of
the system gradually changes from branched to columnar and bilayer membrane structures. On the
other hand, the increase of the length of the grafted chain leads to the gradual increase of the
volume occupied by the polymer chain on the nanosphere. At this time, in addition to the
attraction between the polymer chains, the steric hindrance effect of the grafted chain becomes
significant, which hinders the close packing between the particles, and finally leads to the gradual



decrease of the formation region of the most closely arranged bilayer membrane structure in the
phase diagram, while the second closely arranged columnar structure region increases. In general,
the strong hydrophobicity and short chain length of nanoparticles contribute to the formation of
bilayer membrane structure, while the long chain length contributes to the formation of columnar

structure at a certain grafting density.
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Figure 3. Phase diagram of flexible patchy copolymer self-assembly structures varying with the
parameter of the driving force and the segment length L. ¥ represents dendritic
structure; @ represents a columnar structure; ©7 represents a double-layer membrane structure.

Then, fixing the length of hydrophilic and hydrophobic chain segment L = Lp = 7, the effect
of grafting density @ on the structure formation of the system under different g conditions

was discussed, and the specific results are shown in the Fig. 4. Here, the grafting density @ is

calculated as @ = Ng/S, where Ny is the total number of polymer chains grafted on the surface

of the nanoparticle (Ng = N + Npand N = Np), and S is the area of the nanosphere grafting

region. From the Fig. 4, it can be seen that under the condition of low grafting density (@ <
0.65), the system appears a discrete structure as shown in Fig. 2(a). This is because under the
condition of low grafting density, the polymer chain is not enough to cover the grafting region of
nanoparticles, and the "bridging" effect of the polymer is weak, which can not form a large
aggregation structure. With the increase of the grafting density (@ > 0.65), the "bridging" effect
of the grafted chains is enhanced, and the aggregation effect of the nanospheres begins to appear,
resulting in a rich self-assembly structure of the system, such as dendritic, columnar, and bilayer

membrane structures. At the same time, it can be found that increasing the grafting density is



beneficial to the formation of bilayer membrane structure in solvophobic system. It is worth
noting that from Fig. 4(b) and Fig. 4(c), it can be seen that the greater the grafting density, the
greater the membrane thickness of bilayer membrane structure. This is due to the fact that the
number of grafted chains increases with the increase of the grafting density in the system. The
solvophobic segments aggregate under the action of the solvent in order to reduce the interfacial
free energy. However, due to the limited volume occupied by each chain, the steric hindrance
forces the interlayer spacing of the bilayer membrane to increase, and the macroscopic

performance is that the membrane thickness increases.
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Figure 4. (a) Phase diagram of self-assembled structure of grafted nanoparticles with different

grafting density polymers. 0 represents discrete structure; *represents tree-like structure;

O represents columnar structure; ©7 represents double-membrane structure. (b) Schematic

diagram of the structure of the double-layer membrane when @& = 0.65, a5 =45 . (c)
Schematic diagram of the structure of the double- membrane when @ = 1.18, a,q = 45.

Then, when the number of grafted chains is Nc = Np = 20 and the length of grafted
hydrophilic segment is L- = 6, the effect of the length of grafted hydrophobic segment L on
the formation of the system structure under different a,g conditions is discussed, and the
specific results are shown in theFig. 5. It can be seen from theFig. 5 that when the nanospheres are
hydrophilic (axxg = 25) , the solvent effect is more significant, and the system structure is
dendritic no matter how the hydrophobic chain length is adjusted. When the repulsive force
between the nanospheres and the solvent is strong (aas > 40), the system shows a bilayer
membrane structure, and the length of the hydrophobic segment has little effect on the formation
of the system structure. However, when 25 < ag < 40, the bilayer membrane area increases

with the increase of Lp, which is just opposite to the result inFig. 3. Therefore, we counted the

variation of the average membrane thickness D of the bilayer membrane structure formed by the

system with the solvophobic chain length Lp when a g = 40, as shown in Fig. 6. It can be seen

from Fig. 6 that the average membrane thickness of the bilayer membrane structure is changed by



the growth of the hydrophobic segment, and the average membrane thickness D increases

approximately linearly with the increase of the hydrophobic segment. It can also be seen from the
inset of Fig. 6 that the increase of hydrophobic segment length not only increases the film
thickness, but also combs and adjusts the regularity of the bilayer membrane. The corresponding

aggregate morphology of the system is also given in the figure.
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Figure 5. Phase diagram of the influence of solvent-swollen segment length on polymer

morphology. ¥erepresents tree-like structure; Orepresents columnar structure;

represents double-membrane structure.
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Figure 6. Variation of the average membrane thickness of the bilayer structure with the length of
the hydrophobic solvent chain.

It is worth noting that the number of branches appearing in the Fig. 3— Fig. 5 is also related to
the size of the system. The results show that the number of branches of the dendritic structure
increases with the increase of the size of the system (the side length of the box and the number of
particles). However, due to the sensitivity of the dendritic structure to the initial conditions, the
quantitative relationship between the system size and the number of branches remains to be further
studied.

In order to quantitatively distinguish different typical self-assembly structures, the radial

distribution function (RDF) of the central particle was calculated. The definition of RDF is

dn(r)

———=—, where d,(r) is the average of the total number of particles around the
Anr<Arp

g(r) =

reference particle from r — r 4+ Ar within the shell volume, p = N/V is the number of
particles per unit volume,V is the volume of the system, and N is the total number of particles in
the system. We selected Lc = Lp = 8, the number of grafted chains No = Np = 20,
aprs = 25,40,60 to demonstrate the dendritic structure, columnar structure and bilayer
membrane structure, respectively. The radial distribution function curves of three typical

structures are given by Fig. 7. It can be seen from Fig. 7 that when a,g = 25, the first peak

corresponds t0 g (7 )peak & 11.4and 7eq & 6.3; when apg = 40 and axg = 60, the first

peak corresponds to g(r)peak of about 36.9 and 109.4, respectively, and the corresponding

Ioea OF about 6.1 and 5.9.As can be concluded, with the increase in a,g , the peak intensity g



corresponding to the first peak increases progressively, while the associated rpey Shifts

continuously toward the origin. A smaller ry Vvalue indicates a more compact packing of

particles, and a larger g(r)peak value corresponds to a greater inward contraction of the

assembled structure.Compared with the first peak, the difference between the columnar structure
and the layered structure is larger, indicating that the overall structure of the system tends to
shrink; However, the two peak g(r)peak Of the dendritic structure are approximately equal,
indicating that the architecture tends to be decentralized. Secondly, from the number of peaks, the
number of peaks in the bilayer membrane structure is the least, which indicates that all particles
are confined in the bilayer membrane; The columnar structure takes the second place, indicating
that it corresponds to the multi-layer structure of the system; The dendritic structure shows
multiple low peaks, corresponding to its loose packing characteristics. From the peak width, the
peak width reflects the degree of dispersion of the distance distribution between particles. It is
observed from Fig. 7 that the peak width of the radial distribution function corresponding to the
dendritic structure is the largest, indicating that the distance between particles in the structure
fluctuates greatly and the distribution is uneven. In contrast, the peak width of the columnar
structure and the bilayer membrane structure is smaller, and the smaller peak width indicates that

the distance between particles is more uniform and the distribution is more concentrated.
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Figure 7. Rdial distribution function g(r) of the central particle in the system. Black line
represents the dendritic structure; red line represents the columnar structure; blue line represents
the bilayer membrane structure.

In order to further explore the dynamic mechanism of architecture formation, we tracked and

analyzed the evolution paths of three typical architectures, and Fig. 8 gave the evolution



topography of the architecture with time. For the dendritic structure, the system undergoes a
transition from a dispersed short rod-like structure to a ribbon-like structure and then to a dendritic
structure during the formation process, which is mainly driven by the attraction between the
grafted chains; For the columnar structure, the system undergoes a process from a short rod-like
structure to a polyhedral structure, then to a cluster structure, and finally to a columnar structure
under the concerted regulation of the interaction between the graft chains and the solvent; For the
bilayer membrane structure, it first changes from a short rod-like structure to a cluster structure,
and then goes through a long period of internal structure reorganization and relaxation, and finally
becomes a bilayer membrane structure. This lengthy structural adjustment is the result of the
synergistic effect of the attractive interaction between the grafted chains, the nanosphere-solvent

interaction, and the "steric hindrance" effect.
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Figure 8. Different conformations of the self-assembly process of branched, columnar, and
double-layer membrane structures.

By comparing the self-assembly process of dendritic, columnar and bilayer membrane structures,
it is found that the path switching in the initial stage plays a key role in the final conformation.
The length of the grafted segment and the solvent environment synergistically regulate the coiled
state of the hydrophobic segment and the extended degree of the hydrophilic segment. This
regulatory mechanism directly affects the interfacial contact area between the grafted chain
segment and the solvent and the local interfacial curvature, which in turn determines the final

self-assembly conformation of the flexible patchy nanoparticles.

In this study, the effect of the middle patch on the self-assembly structure of the system is

considered, which is different from the previous researchers who mostly focused on the effect of



the nature of the graft chain on the self-assembly structure of the system. We used the patchy
ternary nanoparticles to construct a rigid-flexible alternative particle model, and through the
self-assembly of these particles in solution, we obtained dendritic, columnar, bilayer membrane
and other structures, which also showed the rigid-flexible alternative structural characteristics.
These structures effectively combine the advantages of rigid and flexible particles, and are
expected to achieve special properties that non-alternating nanoparticles do not have, which will

provide new ideas for the design of nano-functional materials.

4. Conclusion

In this paper, a coarse-grained model of flexible patchy nanoparticles is constructed, and
dissipative particle dynamics simulations are used to systematically study the effects of patch
properties, length, proportion and grafting density of grafting chains on their self-assembly
behavior and structure. The results show that the self-assembly of flexible patchy nanoparticles
can form a variety of morphologies, such as dendritic, columnar and bilayer membrane structures.
When the compatibility between the solvent and the plaque changes, the self-assembled structure
will change from a dendritic structure to a columnar structure or a bilayer membrane structure. In
addition, the increase of chain segment length can also cause a similar transformation of the
assembly structure. Further studies have shown that the grafting density of nanoparticles also has
an important effect on the self-assembly structure. With the increase of grafting density, the
self-assembly structure of flexible patchy nanoparticles exhibits discrete structure, dendritic
structure and bilayer membrane structure in turn when the solvent interaction parameter remains
unchanged. In addition, the length of the hydrophobic segment also has a significant effect on the
self-assembly structure of the system. Under the condition of suitable interaction parameters, with
the increase of the length of the hydrophobic segment, the region of the system forming a bilayer
membrane structure expands accordingly.

It is worth noting that in the simulation process, the solvent is simplified as a single parameter,
while the chemical properties and physical States of the solvent in the actual system are often
more complex. This simplification may not fully reflect the actual role of solvent in the
self-assembly process, especially the self-assembly behavior under complex conditions still needs
further exploration. Future research is expected to develop more refined models, such as the
introduction of solvent polarity, temperature dependence and specific interactions between solvent
and polymer, so as to more accurately capture the conformational details of polymer chains and
the dynamic behavior of solvent molecules, which will provide strong support for more accurate

simulation of self-assembly processes in real systems.
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