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ABSTRACT: In this study, the pH-responsive self-assembly FesCl
behavior of polycaprolactone star-shaped block copolymers in AR
aqueous solution was systematically investigated by dissipative
particle dynamics. The changes in morphology during the self-
assembly process were studied by adjusting the number of polymer T
star arms, the degree of ionization of the terminal carboxylic acid

group, and the concentration of the polymer in the solution. The
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results show that during the self-assembly process, the star-shaped

copolymers undergo a series of structural transformations from

spherical micelles to worm-like micelles and then to lamellar micelles as ionization and solution concentration change. When the
degree of ionization is high, the electrostatic repulsion is enhanced, resulting in the formation of smaller spherical micelles; in
contrast, when the degree of ionization is low, the electrostatic repulsion is weakened, resulting in the formation of larger and more
complex worm-like or lamellar structures. With an increase in the number of arms, the self-assembly behavior of the system gradually
transitions from complex morphologies (such as lamellar micelles and branched worm-like micelles) to simple morphologies (such
as linear worm-like micelles and spherical micelles). This study provides important theoretical references and practical guidance for
revealing the regulatory mechanisms of carboxyl ionization, the number of polymer star arms, and solution concentration on the self-

assembly behavior of amphiphilic block copolymers.

Bl INTRODUCTION

With the development of drug delivery technology, nanodrug
delivery systems have attracted much attention due to their
ability to improve drug solubility, prolong blood circulation
time, and enhance targeted delivery effects.'™ Star-shaped
micelles based on biobased materials have become a highly
regarded nanodrug delivery platform due to their structural
diversity, environmental response, and excellent biocompati-
bility.*"® Through rational design, star-shaped micelles can
achieve efficient drug loading and controlled release in specific
microenvironments in vivo and in vitro, especially showing
great potential in areas such as tumor treatment. For example,
in the tumor microenvironment, cancer cells usually exhibit
acidic characteristics. By designing polymers that are sensitive
to acidic environments, precise drug release can be achieved.”
In addition, the controllable synthesis and functional
modification of such materials have further enhanced their
research value and application prospects in the field of drug
delivery.*’

Compared with traditional linear block copolymers,
biodegradable star-shaped block copolymers exhibit more
complex and controllable self-assembly properties in solution
due to their topological structures."”™'* Star-shaped block
copolymers not only have higher molecular weights and dense
functionalization sites, but also provide unique self-assembly
behaviors and higher molecular design freedom through the
synergistic effect of multiarm segments. This structural
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advantage combined with biodegradable properties provides
a way to prepare functional micelles with high performance
and environmental friendliness.”” Biodegradable star-shaped
block copolymer micelles are usually composed of hydro-
phobic biodegradable segments (such as polycaprolactone
(PCL), polylactic acid (PLA) or polyglycolic acid (PGA)) and
hydrophilic segments (such as polyethylene glycol (PEG) or
poly(ethylene oxide) (PEO))."*~'° By precisely controlling the
ratio of hydrophilic and hydrophobic segments, block length,
and number of branches, star-shaped block copolymers can
form a variety of nanostructures, such as spherical micelles,
worm-like micelles, and vesicles. The core—shell structure
formed by self-assembly exhibits excellent stability and loading
capacity at the nanoscale. The hydrophobic core provides an
efficient carrier space for hydrophobic drugs or functional
molecules, while the hydrophilic shell can prolong the
circulation time of micelles in the physiological environment,
reduce nonspecific adsorption and immune recognition, and
thus improve delivery efficiency.'” >’ In addition, due to the
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uniqueness of the star-shaped structure, this type of micelle
usually exhibits a low critical micelle concentration (CMC),
allowing it to maintain a stable micelle state even at low
concentrations, thus being applied in actual biological
environments.”' In practical applications, the degradation
products of these biobased polymers are often nontoxic and
can be eliminated through human metabolic pathways. This
feature effectively avoids the bioaccumulation or toxicity
problems that may be caused by traditional polymer materials,
thereby significantly enhancing their application potential in
biomedicine and environmental sciences. Taking polycapro-
lactone as an example, its degradation product 6-hydroxycap-
roic acid can be further metabolized into carbon dioxide and
water, ensuring the safety and eco-friendliness of the
material.”*

However, although biodegradable star-shaped block copoly-
mer micelles have shown great application potential, the
relationship between their structural design and performance
regulation remains a key issue in research.”>~>° For example,
the specific influence mechanism of block ratio, segment
length, arm number and topological structure on micelle
stability and self-assembly behavior is not fully understood, and
the dynamic self-assembly process cannot be clearly observed
using microscopy and scattering techniques. In this context,
the rapid development of computational simulation techni-
ques, especially self-consistent field theory (SCFT) and
dissipative particle dynamics (DPD), has played an irreplace-
able role in exploring the self-assembly mechanism of star-
shaped block copolymers.”® SCFT is a classical theoretical tool
for studying the phase behavior of block copolymers, and is
capable of accurately predicting the evolution of the polymer
phase diagrams and micromorphology. Its deterministic
solution avoids the statistical rise and fall problem and can
resolve the effects of different block compositions, chain
lengths, and interaction parameters on the phase behavior.””
SCFT combines analytical and numerical calculations to
systematically construct the phase diagrams and reveal the
microphase segregation and ordered-disordered phase tran-
sitions. The method is widely used in polymer science,
successfully predicting experimentally observed morphologies
and providing a solid foundation for the theoretical design of
block copolymers.”® DPD, as a mesoscopic-scale coarse-
grained simulation method, is centered on describing
interparticle interactions by simultaneously introducing con-
servative, dissipative and random forces. It has significant
advantages in studying the self-assembly of block copolymers
and their aqueous solution morphology, including the ability to
simulate large and long time scale systems, capture polymer
dynamics behavior, describe structural evolution in complex
environments, and reproduce experimentally observed mor-
phologies while maintaining sufficient computational effi-
ciency. In contrast, SCFT is mainly suitable for accurate
prediction of equilibrium microphase-separated structures, but
has limitations in describing nonequilibrium dynamical
processes. However, the DPD method still faces some
challenges, such as the calibration of the interaction parameters
relies on a reasonable mapping of the Flory—Huggins
parameters, the coarse-grained model may lose some of the
molecular details, and the accuracy in the simulation of
complex morphologies of macromolecules is limited by
simplifications of the interparticle interactions. Current
research focuses on optimizing the DPD force field parameters,
improving the model’s fit to experimental data, combining with

other computational methods (SCFT or all-atom/coarse-
grained MD) to obtain more accurate self-assembly
predictions, and exploring its applications in areas such as
drug delivery and soft-matter material design, in order to
further enhance its reliability and applicability in the simulation
of polymer systems. Through DPD simulation, researchers can
clearly reveal the formation process of block copolymers in
different solvent environments, the formation process of core—
shell structures, and the microphase separation mechanism
between different segments. In addition, DPD can also
quantify the influence of key parameters (such as segment
hydrophilicity, block ratio and number of branches) on the
final self-assembly morphology, laying the foundation for
experimental design.”””” Researchers have conducted extensive
research on the dynamic process of polymer self-assembly
through DPD simulation. Yang®' and his team experimentally
studied the application of disulfide-linked polycaprolactone-b-
polyethylene glycol methyl ether methacrylate in doxorubicin
(DOX) delivery. Based on DPD simulation technology, they
effectively verified that the developed DPD simulation method
can describe the reduction reaction of dynamic covalent bond
cleavage and the self-assembly behavior of drug-loaded
polymer micelles. Xu et al.”* used dissipative particle dynamics
simulation technology to explore the effect of solution pH on
self-assembly structure and the role of hydrophilicity of pH-
responsive microspheres in the transformation of single-
molecule micelles. Zheng et al.”’ studied the aggregation
behavior of pH-sensitive amphiphilic polymer micelles poly-
(methyl methacrylate-co-acrylic acid)-b-poly(polyethylene gly-
col methyl ether monomethacrylate) self-assembly through
DPD simulation. The simulation results were consistent with
the experimental results. This research strategy combining
theory and experiment can not only deepen the understanding
of the complex self-assembly mechanism of star-shaped block
copolymers but also provide a scientific basis for the
development of new functional materials.

In response to Pranav’s’® study on biodegradable star-
shaped block polycaprolactone micelles, star-shaped block
copolymers with different structures were synthesized by two-
step ROP by keeping the arm length constant and changing the
number of arms to explore their self-assembly behavior and
potential application in drug delivery. This study focuses on
the self-assembly behavior of pH-responsive star-shaped brush-
shaped polycaprolactone block copolymers in this experiment.
Through dissipative particle dynamics (DPD) and molecular
dynamics (MD) simulation methods, the self-assembly
behavior of pH-responsive biobased polycaprolactone star-
shaped brush-shaped block copolymers is systematically
explored by the effects of ionization degree, concentration
and arm number. The microphase separation behavior of PCL-
CP molecular aggregates forming spheres, cones or truncated
cones in aqueous solution is fully revealed. It provides
theoretical support for understanding the self-assembly
behavior of star-shaped brush-shaped block copolymers and
stimulates the application potential of pH-responsive materials
in the field of drug delivery.

B DPD SIMULATION

DPD Simulation Method. In 1992, Koelman and
Hoogerbrugge™ first established a new computational method
that is more suitable for fluid dynamics behavior. DPD
simulation is a mesoscopic simulation method suitable for
studying the self-assembly behavior, drug distribution and drug
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Figure 1. Synthesis route of PCL-b-M2 star-shaped block copolymer (PCL-CP) by Pranav et al.>* Reprinted with permission from Pranav et al.>*

Copyright {2023} American Chemical Society.

release process of drug-loaded polymer micelles. Its calculation
principle is to divide the entire polymer molecular chain into
several fragments of similar volume size, which are generally
called coarse-grained beads. These microspheres are usually
large at the nanoscale and small at the macroscale, and are a
mesoscopic simulation method.***” Therefore, in DPD
simulation, in order to avoid a lot of computational work,
the degrees of freedom between particles are not considered,
and only the movement of the center of mass is considered,
but the important microstructural characteristics and dynamic
motion behavior trajectory are conserved.

df, .

. (1)
&,

a7 (2)

In the above formula, m; TV, represents the mass,

coordinates and velocity of the microbeads. The force (Fu)

between each pair of microbeads is the sum of conservative
-C =D SR

force (Fi]- ), dissipative force (Fij ), random force (Fi]- ), elastic

force (ﬁi) and electrostatic force (Pf), given by the following

formula:
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Among them, the conservation force F;; is a flexible repulsive

force along the center line, which is linearly related to the
distance between the microbeads and decreases linearly with
the increase of the distance between the microbeads; the

=D
dissipation force F; represents the mutual friction between the

microbeads, that is, the energy consumption of the system,
which is proportional to the relative speed between microbeads

. . =R .
i and j; the random force F;; provides energy for the system,

which just compensates for the reduction of degrees of
freedom caused by the coarse-graining of the system. All forces
disappear after a certain cutoff radius Rc, which is usually set to
1 unit length in the simulation.”®*” The three forces can be
obtained by the following formulas:

5C
j

.
aij(l — rij) T, 1;<1

0, r; > 1

(4)
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Figure 2. S4 granularization model diagram.

Counterion

SR Gw(rij)?ijgij

j =
VO, (6)
In the above formula, a; is the interaction parameter

between microbeads i and j, ?ij =% -7, ;= I, V=¥ -9,
&;j is a random fluctuation variable with a mean value of 0 and a
unit variance of 0, ¢ is the random force intensity, k is the
Boltzmann constant, T is the system temperature, J, is the
simulation time step, @ is the weight function related to r and
disappears when r > 1.

The model of electrostatic interaction adopts the smearing
charge method with an exponentially decaying Slater-type
charge density distribution. Where 4, is the decay length of the
charge

S N
f) = n'/ls Xp[ 71/1:] (7)

The electrostatic force and electrostatic energy between
microbeads i and j are expressed by the following formula:

~E 9,9 —2rRe 2ryRe —)ij
F, = —= /5|1 — exp 1+ —
b 4ar? A RN |
j e A1+ 7 ij
(8)
9,9,
US = —1gkT[1 = (1 + fr,)e "]
ij
i €)

In the above equation, Groot’ obtained f = 1.356 by
substituting the electrostatic interaction between the two
charge density distributions at r; = 0, and then obtained 4, =
0.737 from the relationship f = Rc/A.. In addition, we also
determined A = 0.75, the cutoft value r, = 3, and the real space
convergence parameter a® = 0.975 when using PPPM and
treating long-range electrostatic interactions.

The hydrophilicity of polymer microbeads is determined by
the repulsive force parameter (a;). Therefore, it is crucial to
determine the repulsive force parameter between different
types of microbeads. The a;; between DPD microbeads i and j

depends on the potential atomic interactions that are linearly
related to the Flory—Huggins parameter (y;), as follows.
;= oy + 3.5)(ij (10)
Here, when density p = 3 and kT = 1, a;; = 25kgT (Groot
and Warren showed that p = 3 and a; = 25kgT are basic
parameters of the solution), and a can be calculated based on
the solubility parameter using the following formula.

(6 — 5,')2"

% = RT (11)

where V is the arithmetic mean of the molar volumes of beads i
and j, and 6; and §; are solubility parameters that depend on
the chemical properties of the beads and can be obtained by
molecular dynamics (MD) simulations.

DPD Model Establishment and Parameter Debug-
ging. As shown in Figure 1, the construction of polymer
micelles (PCL-CP) in the experimental study of Pranav’” is
based on small molecule polyols (1,12-dodecanediol, 2-
bis(hydroxymethyl)-butanol, pentaerythritol, dipentaerythritol,
tripentaerythritol) as initiators, ring-opening polymerization
(ROP) of caprolactone monomers as hydrophobic layers, and
then the polymer polyols are used as initiators, and p-
carboxycaprolactone monomers are ring-opening polymer-
ization as hydrophilic layers. Figure 2 Coarse-grained modeling
diagram showing the mapping of S4 polymer micelle chains
and DPD microbeads. During the self-assembly process, the
copolymer is divided into three types of microbeads: PCL
(blue), B (red) and CP (green). 33 water molecules are
represented as a water microbead W (orange). The counterion
is a free ion with a valence of +1 (black). The categories of B
(red) include two-arm (S2 microbeads), three-arm (S3
microbeads), four-arm (S4 microbeads), six-arm (two S4
microbeads), and eight-arm (three S4 microbeads). This paper
studies the coarse-grained models of S arm numbers.

In this study, the molecular dynamics module of Lammps
software was used to calculate the interaction parameters using
COMPASS 1II force field. The main simulation parameters are
as follows: the energy convergence threshold is 1.0 X 10™* kcal-
mol™, and the force convergence threshold is 0.005 kcal-
mol™"-A™". The calculation cutoff radius value of van der Waals
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Table 1. Interaction Parameter a; Used in the DPD Simulation

PCL CcP B4
PCL 2§
CP 64.90 25
B4 25.71 29.31 25
W 70.60 26.05 39.70
B2 18.13 70.75
B3 30.60 67.56 -
Counterion 70.60 26.05 39.70

w B2 B3 Counterion
25
45.57 25
26.30 - 25
25 45.57 26.30 25

force is 15.5 A, the spline width is 0 A, and the buffer width is 2
A. The interaction parameters a; calculated by MD simulation
are shown in Table 1:

In this study, the pH value of the solution was qualitatively
designed by changing the degree of ionization (a) of the
carboxyl-terminated microbeads according to the treatment
method proposed by Prochazka.*' The dissociation constant
(K,) of the electrolyte solution and the relationship between a
were approximately calculated (eqs 12 and 13). In actual
molecular simulations, accurate treatment of charge balance is
very important. In theory, to ensure the overall electrical
neutrality of the system, the charge balance is 0. Therefore, by
adding additional counterions qc = +1, and then using charge
correction technology (in some high-precision simulations, the
charge correction algorithm can be used to adjust the charge
distribution of the system to ensure a more accurate charge
balance). The role of counterions is to form an ionic
atmosphere on the surface of the micelles, which plays an
electrostatic shielding role. This shielding effect can not only
reduce the electrostatic repulsion between the end group ions
of the surfactant and affect the charge balance of the micelles,
but also affect the overall self-assembly behavior of the
system.”” Different types and concentrations of counterions
will change the critical micelle concentration (CMC) of the
micelles, the type of micelles formed (such as spherical,
cylindrical or lamellar structures), and the stability of the
micelles. Therefore, the ionization degrees in this study are a =
0, 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0, respectively.

a

pH — pK, = lg1 — + lg]/DH (12)

g7 = —0.509T (13)

In the above formula, the influence of the activity coeflicient
of monovalent ions in the Debye—Huckel limiting formula
theory is taken into account. The approximate mapping
relationship between a and pH value is shown in Table 2.

Table 2. Approximate Mapping of a to pH

a 0.0 0.1 02 0.4 038
pH-pK, —-1.279 —0.954 —0.602 -0.176 0.602

DPD simulations were performed using GROMACS. The
main simulation parameters are as follows: The volume of a
bead is approximately 988 A’. To ensure that the physical
density corresponds to the simplified density p = 3 from which
the correlations were derived, the length scale must be reset.
Therefore, the three beads occupy a volume of 3 X 988 = 2964
A3, corresponding to a cube with an edge of 2964 = 14.36
A (Rc). This value must be chosen as the cutoff radius between
two beads to match the desired physical density and the

simplified density. Half of the length scale, which is the radius
of each bead (7.18 A), can be used to display the bead radius.
In the DPD simulation, we chose a cubic box of 20 X 20 X 20
R3 C (280 x 280 x 280 A%). In order to achieve
thermodynamic equilibrium, each simulation was performed
with a time step of 1.0—1.5 X 10° (118245.01—177367.51 ps),
a step size of At = 0.05 (1182.4S fs), a calculated cutoff radius
value of the van der Waals force of 14.36 A, a mass scale of 672
amu, an energy scale of 0.59219 kcal-mol ™, a spline width of 0
A, a buffer width of 2 A, a dissipation strength of 4.5 (0.12787
amu/fs), and a spring constant of 4.0.

B RESULTS AND DISCUSSION

Phase Diagram of Multiarm Micelle Self-assembly. In
order to more comprehensively understand the self-assembly
motion trajectory of multiarm star-shaped micelles, we drew
the two-dimensional phase diagram of the concentration (C)-
ionization degree (a) of S2, S3, S4, S6, and S8. It can be seen
from Figure 3 that the morphology changes within the range of
the abscissa a (0, 0.05, 0.1, 0.2, 0.4, 0.8, 1) and the ordinate C
(0.05, 0.08, 0.11, 0.14, 0.17, 0.20). The legend marks four
different self-assembly morphologies: lamellar micelles (green
squares), branched worm-like micelles (blue triangles), linear
worm-like micelles (yellow inverted triangles) and spherical
micelles (red dots). Analysis of the information in the figure:
PCL-CP micelles are weakly hydrophilic and strong hydro-
phobic at low ionization degrees. The interaction between
hydrophobic segments in the system dominates, and they are
more inclined to form high-dimensional complex Morphology
(e.g., lamellar and branched worm-like micelles). As the degree
of ionization increases, the hydrophilicity increases significantly
and the aggregation between hydrophobic segments weakens.
At this time, the system tends to form a more symmetrical and
simple structure (such as spherical micelles). The influence of
changes in the number of arms on each morphology is
analyzed below from three aspects: geometric constraints,
steric repulsion effects and free energy minimization.

The Influence of Geometric Constraints. The low arm
number system (S2, S3) has low geometric symmetry and less
restricted stacking between chain segments, which gives the
molecules a higher degree of deformation freedom, making it
easier to form complex lamellar or branched worm-like
micelles. These morphologies are mainly distributed in low
ionization and high concentration regions, and the molecular
morphology is closer to linear blocks, with weaker geometric
constraints during stacking. With the increase in the number of
arms, the molecular symmetry and volume occupancy of the
high arm number system (S6, S8) increase, which strengthens
the geometric constraints, thereby limiting the formation of
complex morphologies (such as lamellar and branched
micelles), and gradually transitioning to simple morphologies
such as spherical and linear worm-like micelles. The S4 system
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Figure 3. Concentration—ionization (C-a) phase diagrams of multiarm PCL-CP star-shaped block copolymers (S2: two-arm; S3: three-arm; S4:

four-arm; S6: six-arm; S8: eight-arm).

in the transition state shows a balance between geometric
morphology and degrees of freedom. Its morphological
distribution contains certain complex structures and gradually
tends to simple morphologies.

The Effect of Spatial Electrostatic Repulsion. Due to the
weak steric repulsion of low-arm-number systems, the
hydrophobic segments are more likely to accumulate in the
concentrated area, forming complex structures such as sheet-

like and branched micelles. In high-arm-number systems, the
steric repulsion effect is significantly enhanced, especially in the
concentrated region, where the intermolecular repulsion
inhibits the stability of high-dimensional morphology. In
contrast, spherical micelles can effectively reduce the steric
repulsion effect due to their compact packing method, and
show higher stability in systems with high arm numbers. The
steric repulsion effect of the S4 system is between low and high
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the spherical micelles as well as localized decomposition maps; (d) schematic depth-cutting of PCL-CP spherical micelles.

arm numbers, giving it the ability to avoid too close packing
while maintaining a certain complex morphology.

The Influence of Free Energy Minimization Drive. Low
arm number systems have higher deformation freedom.
Through the stacking effect of hydrophobic segments and
the solvation of balanced hydrophilic segments, lamellar or
branched micelles can be formed, thereby reducing the free
energy of the system. In high arm number systems, simple
forms (such as spherical or linear worm-like micelles) have
lower free energy. The compact stacking of hydrophobic
blocks and the minimization of the surface energy of
hydrophilic blocks make spherical micelles the optimal
structure for high arm number systems. The free energy
drive of the S4 system takes into account the needs of segment
stacking and the spatial repulsion effect, so that the linear
worm-like micelles formed have the lowest free energy.

Overall Phase Diagram Trend Analysis. 1. With the
increase of the number of arms, the self-assembly behavior of
the system gradually transitions from complex forms (lamellar
micelles and branched worm-like micelles) to simple forms
(linear worm-like micelles and spherical micelles). This trend
reflects that the increase in the number of arms will enhance
the spatial repulsion between molecules and reduce the
possibility of the system forming a complex structure. 2. The
geometric symmetry and uniformity of the chain segment
distribution of the high arm number system are improved,
making it easier for the system to form low-dimensional,
simple-morphology structures (such as spherical micelles). At
the same time, the high arm number also provides higher

flexibility and freedom for the chain segments, which helps to
reduce the internal stress of the system and stabilize the simple
morphology. 3. The change in the number of arms significantly
affects the self-assembly behavior by regulating the geometric
parameters of the polymer (such as the stacking mode of the
hydrophobic block) and the energy of intermolecular
interaction. This provides theoretical support for designing
polymer materials with specific morphologies by adjusting the
number of arms. By reasonably selecting the number of arms,
precise regulation from lamellar micelles to linear worm-like
micelles and then to spherical micelles can be achieved, laying
the foundation for the development of functional materials. In
order to reveal the self-assembly process of different types of
aggregates and the molecular packing structure of the
aggregates, they will be discussed in the following chapters.
Spherical Micelles. When not affected by the degree of
ionization and the number of arms, dilute solutions
(concentration below 8%) mainly exist as spherical micelles.
We believe that this phenomenon is a balance between the
electrostatic interaction of the terminal carboxyl groups and
the van der Waals interaction of the hydrophilic and
hydrophobic blocks in dilute solutions, that is, the concen-
tration is the main influencing factor, and the distance between
the micelle molecules can make the electrostatic interaction
temporarily negligible. When the carboxyl groups are
completely ionized into carboxyl ions (a = 1), the electrostatic
repulsion of the terminal carboxyl groups increases with the
increase of concentration. Under the dual influence of
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electrostatic interaction and van der Waals interaction,
multiple PCL-CP molecules aggregate into spherical micelles.

Low arm number (S2, S3) system: Spherical micelles are
formed in the low ionization region, but the distribution range
is small and the stability is low. The flexibility between
molecules is greater, and it is easier to form other complex
forms (such as branched worm-like micelles or lamellar
micelles); Transition arm number (S4) system: The
distribution range of spherical micelles gradually expands,
becoming one of the dominant forms in the system. As the
number of arms increases, the molecular geometry tends to be
symmetrical, and the spherical structure becomes the stable
form with the lowest free energy; in high arm number (S6, S8)
systems: spherical micelles have the widest distribution range
in the entire phase diagram, the strongest stability, and become
the dominant form. Under high ionization conditions, the
formation of spherical micelles is easier and more stable, and
the size is larger.

As the number of arms increases, the distribution range of
spherical micelles continues to expand and eventually
dominate the entire system. The reason is that the molecular
geometric symmetry is enhanced, the free energy is minimized,
and the repulsion is strengthened, which makes spherical
micelles the most stable and optimal self-assembly form in high
arm number systems.

PCL-CP molecules are uniformly dispersed in the solution
and then quickly self-assemble into small aggregates.
Subsequently, small spherical micelles fuse with neighboring
small micelles or monomers to gradually form large spherical
micelles, and finally the micelle size distribution reaches a
dynamic equilibrium state. In addition, Figure 4a shows the
radial distribution function of micelles with @ = 1.0 and C =
0.20. We found that the micelle is composed of a core formed
by aggregated hydrophobic PCL segments and an outer corona
formed by hydrophilic CP segments. At a distance of 11 A
from the center of mass, the probability distribution of
hydrophobic beads is greater than 89.8%, indicating that the
hydrophobic beads are densely packed in the core, there are no
hydrophilic beads and solvent in the core, and the remaining is
the initiator core of the copolymer. In short, the PCL-CP

15426

polymer is completely microphase separated in the final
micelle. Therefore, we call it a microphase-separated small
spherical micelle. In Figure 4d, a PCL-CP spherical micelle is
marked with different colors and is gradually microphase
separated into a truncated cone geometry with separated cores
and arms. Therefore, the self-assembly mechanism of spherical
micelles can be summarized as Figure 4b,c. The corresponding
dynamic process of spherical micelle self-assembly can be seen
in the Video in the Supporting information.

Worm-like Micelles. Linear worm-like micelles present a
long and thin linear morphology. When the molecules of this
morphology of micelles are stacked, the chain segments are
relatively long and remain linearly arranged, forming a worm-
like structure. The self-assembly process of worm-like micelles
was studied in S2, S3, S4, S6 and S8 molecules with & = 0 —1
and C = 0.08—0.20. Most of the micelles that can self-assemble
into worm-like structures are generally divided into three
structures: short rod-like worms, linear long worms and
branched worms. As shown in Figure S, linear worm-like
micelles are usually formed by the aggregation of multiple
block copolymer molecules through hydrophobic interaction,
presenting a long linear structure similar to worms or rods. Its
surface is usually covered by hydrophilic segments, while the
hydrophobic segments are located in the core of the micelles to
ensure the stability of the overall morphology. Compared with
spherical micelles, linear worm-like micelles have greater
flexibility and longer axial length, and usually form a looser
structure. The whole process can be divided into four stages.
Initially, randomly distributed PCL-CP molecules aggregate
into microphase-separated spherical micelles. Then, these
spherical micelles fuse with each other into short rod-like
worm-like micelles. Subsequently, the short rod-like worm-like
micelles gradually fuse into long linear worm-like micelles, and
finally, the long linear worm-like micelles fuse into branched
worm-like micelles.

Block copolymers with low arm numbers have shorter chain
segments, which make them freer and the molecules tend to
form more complex and less ordered aggregates. At this time,
the morphology of linear worm-like micelles is often not fully
stable, but more branched worms or more irregular
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Figure 6. (a) Variation process of worm-like micelles at different concentrations of equal ionization degree and different ionization degrees of equal
concentration; (b) schematic diagram of the formation process of branching worm-like micelles.

morphologies are formed; molecules with medium arm
numbers have better geometric symmetry, and the length
and rigidity of the molecular segments increase, which is
conducive to the formation of linear worm-like structures.
Within this range, molecules are more inclined to form stable
worm-like structures through linear stacking in the long axis
direction, thereby minimizing the free energy of the system;
molecules with high arm numbers have higher degrees of
freedom, more symmetrical geometry, longer and more rigid
molecular segments, which prompt them to form more
compact and symmetrical spherical micelles instead of linear
worm-like structures. In addition, due to the lower surface
energy of high-arm-number systems, spherical micelles can
better minimize the free energy and thus dominate the self-
assembly of the system.

In order to reveal the detailed paths of the above four self-
assembly stages, representative intermediate states of all these
stages are given in Figure S. The first stage is the process of
core—shell micelle formation. This process is similar to the
self-assembly process of spherical PCL-CP molecules. The
second stage is that the nearby small spherical micelles
approach each other and then gradually fuse to form small
short rod-type worm-like micelles. The third stage corresponds
to the "head-to-head” fusion of short rod-type worm-like
micelles and small spherical micelles, and then form long linear
worm-like micelles. The fourth stage is that the long worm-like
micelles fuse laterally to form branched worm-like micelles. In
addition, in order to reveal the molecular stacking model inside
the worm-like micelle, a cross-sectional view of a linear worm-
like micelle is given. We can find that when the micelle is
randomly cut into two parts, the micelle is completely
separated into a core—shell structure. The hydrophobic PCL

segment forms the micelle core, and the hydrophilic carboxyl
arm covers the micelle surface to form the micelle shell.
Furthermore, we can find that each PCL-CP molecule
microphase separates into a cone, therefore, in order to form
worm-like micelles, the PCL-CP molecules must transform
from spheres to cones.

In addition, in order to study the effects of & and C on the
shape of worm-like micelles, the change process of worm-like
micelles at different concentrations of equal ionization and at
different ionization degrees of equal concentration is shown in
Figure 6a. When the ionization degree increases, a changes
from 0 to 0.4 and then to 1, the micelles change from branched
worms to short rod worms and then to spheres, which shows
that the morphology of micelles is increasingly affected by
electrostatic repulsion, thus forming individualized spheres;
under the influence of the same ionization degree (a = 0.4),
with the increase of concentration (C = 0.05—0.20), the van
der Waals force between molecules becomes the dominant
factor, resulting in the change of micelles from small spheres to
worms and then to branched worms. Figure 6b provides a
schematic diagram of the formation process of branched
worm-like micelles.

Lamellar Micelles. Lamellar micelles mainly appear in
systems with low arm numbers (S2, S3, S4), especially under
conditions of lower ionization degree and medium concen-
tration (¢ = 0—0.1 and C = 0.17—0.20 of S2 molecules, S3
molecules, S4 molecules (@ = 0 —0.1 and C = 0.20) have low
molecular flexibility and symmetry, which makes the molecules
tend to be arranged along the plane to form a sheet-like
structure. As the number of arms increases, the distribution
range of lamellar micelles gradually decreases because the way
the molecules are packed tends to form structures with higher
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Figure 8. Corresponding morphology during the formation of layered micellar aggregates (a—j).

curvature, such as linear or spherical micelles. In systems with
high arm numbers (S6, S8), the geometric symmetry and steric
repulsion effects are significantly enhanced, and lamellar
micelles are completely replaced by spherical and linear
micelles, because the latter can more effectively minimize the
free energy of the system and adapt to more complex
structures. High symmetry molecular arrangement require-
ments. At the beginning, PCL-CP molecules were randomly
distributed in the solution. They then aggregate into many
small spherical micelles. Spherical micelles are sequentially
aggregated into short worm-like micelles, long worm-like
micelles and branched worm-like micelles. Subsequently, the
worm-like micelles transform into complex branched ring
micelles. Finally, the annular micelles close and fuse laterally to
form a large lamellar micelle.

In order to reveal the formation process of sheet-like
micelles, the rotation tensor radius (R,) of S4-PCL-CP
molecules is first constructed, as shown in eq 11, where n is
the total number of beads in the aggregate, (x; v, z;) is the
position of the i-th bead, (X, Yem Zan) is the coordinates of
the center of mass of the aggregate.
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()
1x10° steps

S SXy Se
A= Syx Syy Syz

Six Szy S. (14)

1 n
Sxx = - Z (Xi - Xcm)(xi - Xcm)

n i=1 (15)
Sy =1 3 - 5 - 3

R (16)

After diagonalizing the matrix, we can obtain the three
eigenvalues 4, 4,, and 1; of the square of the rotation tensor
radius.

A0 0
S=l0 A7 0
0 0 I (17)
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Figure 7 gives the three eigenvalues of the square tensor of
the radius of rotation of the largest aggregates in the S$4 (a =
0.1 and C = 0.20) simulation box (4;, 4,, 4;) of the square
tensor of the radius of rotation of the largest aggregate in the
simulation box. Based on the trend of these eigenvalues,
approximately four stages in the self-assembly process can be
distinguished.

As shown in Figure 7, at the beginning, the values of 1, 4,,
and A, are all relatively small values below 0—1.0 x 10*
simulation steps. It is observed that A, and A, are rising
synchronously, while 4; is steadily parallel. As shown in Figure
8, the first stage is explained by observing aggregates a and b to
form small spherical micelles. Then in the simulation step of
1.0—6.8 X 10% it is observed that A, and A; are rising at an
accelerated rate, while A, is rising slowly. We found that
irregular linear worm-like micelles are formed. Therefore, the
second stage is characterized by multiple small spherical
micelles gathering together to form linear worm-like micelles,
which is found by observing the process from aggregate c to
aggregate d and e. Then in the simulation step of 6.8—9.0 X
10% A, and 4, both increase with the increase of simulation
time, but A; is slowly parallel. By directly observing the
morphology of aggregates f and g, this stage corresponds to the
complex interweaving of linear worm-like micelles to form
branched worm-like micelles. In the fourth stage, 4, 4,, and 4
rose steadily from the third stage to a constant value at present
in the simulation step of 0.9—1.0 X 10°. By observing the
trajectory of this stage, we found that the branched worm-like
micelles initially merged to form micelles with rings (from f to
g and then to h), and finally closed to form lamellar micelles

(aggregate i).

B CONCLUSION

The self-assembly behavior of pH-responsive biobased
polycaprolactone Star-Shaped block copolymers was thor-
oughly investigated by dissipative particle dynamics and
molecular dynamics simulations. The results showed that the
self-assembly morphology of the polymers was significantly
regulated by terminal ionization degree, solution concentration
and arm number. At low ionization degree, the aggregation
effect of hydrophobic chain segments dominates, forming
complex layered and branched worm-like micelles; with the
increase of ijonization degree and the enhancement of
electrostatic repulsive force, the self-assembly gradually
transitions to linear worm-like micelles and globular micelles
with higher symmetry. Meanwhile, the increase in the number
of arms enhances the intermolecular geometrical confinement
and spatial repulsion effects, leading to the transition from
complex to simple structures. This study systematically reveals
the microphase separation mechanism of Star-Shaped block
copolymers and their morphological evolution, providing a
theoretical basis for regulating the self-assembly behavior of
polymers. The low arm number system is suitable for the
construction of complex two- or three-dimensional structures
(e.g, membranes or reticular materials), while the high arm
number system is suitable for the preparation of monodisperse
particulate materials (e.g., drug carriers). These findings lay the
foundation for further development of star block copolymers in
the fields of drug delivery and smart materials.
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