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Different Degrees of Branching?

Haina Tan,® Wei Wang,® Chunyang Yu,*? Yongfeng Zhou,*? Zhongyuan Lu*? and Deyue Yan?

Hyperbranched multiarm copolymers (HMCs) have shown great potentials to be excellent precursors in self-assembly te

form various supramolecular structures in all scales and dimensions in solution. However, theoretical studies on the self-

assembly of HMCs, especially the self-assembly dynamics and mechanisms, have been greatly lagging behind the

experimental progress. Herein, we investigate the effect of degree of branching (DB) on the self-assembly structures

HMCs by dissipative particle dynamics (DPD) simulation. Our simulation results demonstrate that the self-assemblv

morphologies of HMCs can be changed from spherical micelles, wormlike micelles, to vesicles with the increase of ..,

which are qualitatively consistent with the experimental observations. In addition, both the self-assembly mechanisms and

the dynamic processes for the formation of these three aggregates have been systematically disclosed through wune

simulations. These self-assembly details are difficult to be shown by experiments and are very useful to fully understana

the self-assembly behaviors of HMCs.

Introduction

In recent decades, molecular self-assembly has become a hot
and promising field of research to prepare elaborate and
interesting supramolecular structures,® such as micelles,?
helices,? fibers,* films,> ribbons,® tubules,” vesicles,® and so on.
These self-assemblies have provided great potential for
applications in areas of coatings, microreactors, sensor devices,
tissue engineering, drug delivery systems, and so on.® Among
them, linear block copolymers, which consist of two or more
different linear polymer blocks connected by covalent linkages,
have been widely studied. They are well known as diblock
copolymers, triblock copolymers, and multiblock copolymers.
The influencing factors on the self-assembly of linear block
copolymers include hydrophilic fraction, molecular weight,
copolymer composition, polymer concentration, solvent, and
light, ions, or pH
change.1° Besides the great progress in experiments, computer
used to provide detailed
information on the self-assembly processes as well as self-

external stimuli such as temperature,

simulations have also been
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assembly mechanisms.!

Dissipative particle dynamics (DPD), which is a continuumn
simulation technique in three dimensions and has its owr
advantages of fast computational speed, large integration time
step, and covering much longer time scales, has been proven
to be useful approach to simulate complex soft matte
systems.’>*® For example, Dormidontova and coworkers
applied DPD to study the micellization kinetics and equilibriun
properties of micelle solutions self-assembled from diblock
copolymer.’3@ Panagiotopoulos and coworkers systematica',
investigated the effects of polymer composition, film thickness,
and surface interact ions on the self-assembly of cylinder
forming diblock copolymers confined in ultrathin films by
employing DPD.'® Sheng and Tsao et al. used DPD to explore
the self-assembly behaviors of coil-rod-coil triblock copolymers.
including the morphological phase diagram, the mechanism -
membrane fusion, and the influences of the coil length ar<
tethered block length on membrane properties.'®® Liang and
Karniadakis et al. reported the shape transformations o
vesicles formed from amphiphilic triblock copolymers by D=7
method.’? These theoretical studies have greatly broadened
our knowledge on the self-assembly of linear block copolymc._.

As a new generation of polymer architecture,
hyperbranched polymers (HBPs) have a more complc.
molecular structure composed of linear units, dendritic uni
and terminal units, and these structural units are distributed
randomly along the polymer backbone.!® Due to their unique
topological structure, HBPs have demonstrated gre-t
advantages of a large population of functional groups, no »r
low entanglement, low solution viscosity, enhanced solubility
and miscibility, and specific melt viscosity behavior.
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Consequently, benefiting from their special physical and
chemical properties, HBPs have attracted more and more
attention from the scientific and engineering points of view.2°
In addition, as an extension of macromolecular self-assembly,
HBPs have exhibited great potential as excellent precursors in
supramolecular self-assembly. Many delicate supramolecular
structures at all length scales and dimensions have been
prepared through direct solution self-assembly, interfacial self-
assembly, and hybrid self-assembly of HBPs.?! However, due to
the great complexity of the topological structure as well as the
rapid self-assembly of HBPs, it is difficult to track the self-
assembly process of HBPs in experiments. Very recently, our
group has found that DPD simulation is an effective tool to
disclose the details in the self-assembly of micelles and vesicles
from amphiphilic HBPs, especially the self-assembly
mechanisms.?> However, up to now, the computer simulation
of HBP self-assembly is still at the very beginning, and has
been greatly lagging behind the experimental progress.

It is well known that degree of branching (DB) is the most
important intrinsic and characteristic parameters of HBPs.190:23
The physichemical properties of HBPs, including the
rheological property, crystallization and melting behaviors,
glass transition, thermal and hydrolytic degradations,
optoelectronic properties, and so on, are highly dependent on
DB.?* In addition, experimental studies have also shown that
DB could give rise to great influence on the self-assembly
morphology. The amphiphilic hyperbranched multiarm
copolymers (HMCs) with a hydrophobic hyperbranched core
and many hydrophilic linear arms (Schemes S1-S3, ESIf) could
self-assemble into a series of morphologies (spherical micelle,
wormlike micelle, and vesicle) by regulating the DB values in
the cores.?3%2> However, due to the limitation of experimental
means, the detailed dynamics as well as mechanisms about
the effect of DB on the transformations of self-assembly
morphologies have not been fully understood, which should
have to resort to the powerful computer simulations.

In this work, we report for the first time about the influence
of DB on the self-assembly process of HMCs by using the DPD
approach. Both the dynamics and mechanisms of the self-
assembly of HMCs with different DBs have been carefully
elucidated. The simulation results are not only in good
agreement with the experimental observations, but also
provide more detailed information for the self-assembly of
HMCs that is difficult for experiments.

Simulation method and model details

Dissipative Particle Dynamics Method

DPD is a particle-based and mesoscopic simulation technique,
which is first proposed by Hoogerbrugge and Koelman in
1992,%6 and further improved by Espafiol and Warren.?” In this
method, each bead represents a group of molecular entities.
The total force F; exerted on bead i by bead j consists of three
parts: a conservative force FVC, a dissipative force F,f, and a
random force Ef, each of which is pairwise additive:

F= (F +F +F)) (1)

J#i
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where the sum runs over all neighboring beads within a certain
cutoff radius r.. The three forces are given by

£ :{a,.j(l—r,j /)y (r<r)

ij 0 (r:/ > rc) (2\
FijD = _wa(rij)(fij Vu)ﬁ, (3.
F = 0w’ (r))é,at ™%, (4

where aj, y, and o determine the strength of conservative,
random, and dissipative forces, respectively. r;j and F,./. denote
the distance and unit vector between beads i and j,
respectively. vj = v; — vj, v; and v;are the velocities of beads

and j, respectively. wP(r;) and wf(r;) are the distance-
dependent weight functions for the dissipative force and
random force, respectively. §; is a random number with zero
average and unit variance. Moreover, in order to generate ¢
correct equilibrium  Gibbs—Boltzmann distribution, the
dissipative and random forces have to satisfy the following
relations:

w’(r,) = [w(r,)F, o =2vk,T

where kg is the Boltzmann constant. According to Groot a
Warren, we choose a simple form of wP(rj) and wf(ry) as
following,*?

\>)

(-1, /) (r,<r)

)
0 (r,zr) (6

w’(r,) = [w*(r,)P° ={
In the simulation, a modified version of velocity—Veri-
algorithm is used to integrate the equations of motion with 2
time step of At = 0.02t. For simplicity, the cutoff radius r,, the
bead mass m, and the temperature kgT are taken as the
reduced wunits, ie., ro = m = kgT = 1, thus the time
unit z=r.m/k,T =1. The number density p is set to 3. The
interaction parameter a; can be mapped to Flory-Huggins
parameter x at p = 3 as a;; = a;i + 3.27x;;, where a;; = 25 is for the
same type of bead and to correctly describe the
compressibility of water. To keep the adjacent bear-
connected together along the polymer, a harmonic spring
force F,.f =Cr,(C = 4.0) is adopted between bonded i-th and j-th
beads.8¢

Simulation models and details

In this study, three HMCs with the same composition bt
different DBs in hyperbranched cores (Schemes S1-S3, ESIi*
were considered as the prototypes for the DPD simulations.
Due to the Galilean invariant nature of DPD method, long

range hydrodynamics interaction (HI) is inherent"
incorporated in the simulations, while short-range HI 1s
neglected since it is much weaker than hydrophol

interactions and long-range HI for the self-assembly of these
HMCs. Accordingly, as schematically illustrated in Fig. 1, thrt

DPD models denoted as A3oB1s have been constructed, whe -
the hydrophobic cores are composed of 30 purple beads (A
type) and the hydrophilic arms are composed of 18 greer
beads (B type). Here, the DB of hyperbranched cores s
determined by the equation of DB = 2D/(2D + L), where D a \d
L are the bead numbers of dendritic and linear units,
respectively.’® As shown in Fig. 1a, there are three D beads,
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and twenty-two L beads in the hyperbranched core, thus DB =
2x3/(2x3 + 22) = 21%. This kind of calculation method
applies to the other two models as shown in Figs. 1b-1c as well.
Therefore, the DBs of the three models in cores are 21%, 35%,
and 50%, respectively. In addition, S type beads represent
water molecules. All simulations are performed in a cubic box
of 60 x 60 x 60r2 with periodic boundary conditions applied in
all three dimensions. The bead number density is kept at p = 3,
thus there are a total of 6.48 x 10° DPD beads in a simulation.
The bead concentration, which is defined by the volume
fraction of the solute, is used to characterize the concentration
of HMCs and is set as 6% to guarantee the dilute aqueous
solution throughout the simulations. As mentioned above,
there are three types of beads (A, B, and S) in our system. For
the interaction between the same beads, a; = 25 is set to
reflect the correct compressibility of the dilute solution. The
interaction parameter between the arms and water is set as
ags = 26.1%92% |n experiment, it has been proved that the
solubility of HBPs with a lower DB is worse than that with a
higher DB.?> In line with it, the interaction parameters
between the hyperbranched core and water are set as as = 85,
75, and 65, respectively, with the increase of DBs from 21%,
35%, to 50%.3° Meanwhile, the corresponding interaction
parameters between the hydrophobic core and hydrophilic
arms are set as aag = 70, 60, and 50, respectively. These
parameters reflect the fact that, in each HMC molecule, the
hyperbranched core is hydrophobic and the linear arms are
hydrophilic, and the core and arms are incompatible. For each
simulation, we started from randomly distributed HMCs in
dilute solution, and a total of 2.00 x 10° time steps were
carried out to attain equilibration for each simulation. All DPD
simulations were performed with HOOMD package3' on
NVIDIA GTX 780 GPU processor.

(a) (b) (©)

‘ G
Fig. 1 Schematic structures for the three models of HMCs with different DBs in
hydrophobic hyperbranched cores (purple beads, type A): (a) 21%, (b) 35%, and (c) 50%,
respectively. Green beads (type B) represent hydrophilic linear arms.

Characteristic properties of simulation results

During the simulations, the radius of gyration (R,) is calculated
to characterize the size of the aggregate self-assembled from
HMCs with different DBs, which is defined by

1 2 1
Rg - Nz(rl _rcm) v Ty _Nzr/ (7)

where N is the total number of polymeric beads within the
aggregate, r;is the position vector of each bead, and r., is the
center of mass of the aggregate, respectively.32 Moreover, in
order to describe the time evolution of the shape of the
aggregates, we calculate three eigenvalues Ay, A,, and A3 of the
squared radius of gyration tensor.33 First, the radius of gyration
tensor of the aggregate is constructed,

This journal is © The Royal Society of Chemistry 20xx
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n

1
Sxx= 72()(/' _Xcm)(X/ _er)
i=1

where, etc. (8)

yx v vz n

1
szx Sly Szz va: ;z(xi _Xcm)(yr’ _Xcm)
i=1

Here, n is the total number of beads in the aggregate, (x;, yi, zi)
is the position of the i-th bead, and (Xcm, Yem, Zcm) is the
coordinate of center of mass of the aggregate. After
diagonalization of the matrix, we can obtain

A 0 o
S=l 0 A o0 (9
0o 0 X

where A > A; > As. Additionally, we can also use thest
eigenvalues to calculate the squared radius of gyration,
RE=A+A; + 45 (10)

and the asphericity,

5= (A -7 +(A-2) +(A2-2)

(11)
28+ + A2

which indicates the shape of the aggregate and measures the
deviation of the morphology away from spherical geometry.

Results and discussion

The studies of experiments have proved the close relationship
between the self-assembly behaviors and the DBs of
hyperbranched cores of HMCs. To address this by computer
simulations, three HMC models with the same composition b..
different DBs of 21%, 35%, and 50% were set for the DPC
simulations. The detailed self-assembly dynamics and the
molecular packing structures of the aggregates will be
discussed in the following sections.

DPD studies on HMCs with a DB of 21%

Fig. 2 has shown the snapshots in the self-assembly process o
HMCs with a DB of 21% in dilute aqueous solutions. HMCs
randomly distributed in water at the beginning (Fig. 2a). The ,
these randomly distributed molecules aggregated into many
small spherical micelles (Fig. 2b). Subsequently, the small
spherical micelles merged with the neighboring small micelles
and finally formed big spherical micelles (Figs. 2c-2e).

We also studied the real-time evolution of three eigenvalues
(A1, A2, and A3) of the squared radius of gyration tensor of ti
micelles in three principal directions of the micelles. A:
mentioned above, one final micelle was formed through the
combination of many component micelles, and in eact
simulation step there would be one largest component mice™
Thus, herein, the three eigenvalues of these largest
component micelles at different simulation time steps we. <
tracked continuously, and the result was shown in Fig. 2f. A;, A,,
and A3 were almost kept equal to each other in the whole se..
assembly process, which indicates the self-assemblies a..
almost spherical micelles at all simulation steps. Meanwhile
these three eigenvalues increased with the increase oi
simulation time, and then gradually levelled off. This res' 't
indicates the evolution of micelle size until the final dynar ic
equilibration during the self-assembly. The largest component
micelles at specific simulation steps were also indicated in Fig.

J. Name., 2013, 00, 1-3 | 3
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2f (I-1V), which intuitively indicates the changes of micelle size
and morphology during the self-assembly process.

Correspondingly, the size and the shape of the largest
micelles as indicated in Fig. 2f were further quantified by the
radius of gyration Ry and the asphericity 6, respectively (Table
1). The value of & can vary from 0 to 1, where 0 and 1
correspond to a perfect spherical globule and a rod,
respectively.3® As can be seen from Table 1, the values of Rq4
gradually increased but the values of 6 were always smaller
than 0.01, which imply that the micelles are always kept
spherical shape but become larger and larger with the increase
of self-assembly time until to a final equilibrium.3>

@) (b) 3
E
& &
[ &
o L )
(c) F @

- cavean IERIY 2 J
S 0 5 oo s 20
time step/10°
Fig. 2 Sequential snapshots of the formation of spherical micelles from HMCs with a DB
of 21% at the initial state (a), 4.00 x 10* steps (b), 4.00 x 10° steps (c), 1.12 x 10° steps
(d), and 2.00 x 106 steps (e). (f) The time evolution of A, A,, and A; of the largest
micelles at different simulation steps. Water beads are omitted for clarity. Hydrophobic
hyperbranched core is composed of purple beads, while hydrophilic linear arms are
composed of green beads.

Table 1 The radius of gyration R, and the asphericity o of the largest micelles as
indicated in Fig. 2f (I-IV)

parameters 1 11 111 I\
R, 2.54 3.49 3.78 4.01
o 0.0006 0.001 0.004 0.009

The evolution of micelles is driven by the fusion of micelles.
To prove this, two small spherical micelles in real-time fusion
evolution were taken out from the simulation snapshots to
further display the pathway in detail (Fig. 3). At the beginning,
the two small spherical micelles were isolated (Fig. 3a). Then
they moved closer to each other and were coalesced together
(Fig. 3b). Subsequently, the fusion of these two micelles

4| J. Name., 2012, 00, 1-3
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proceeded with the continuous merging of the hydrophobic
micelle cores (Figs. 3c-3d). Eventually, a complete spherical
micelle was obtained (Fig. 3e). Moreover, in order to clearly
observe the complete self-assembly process of the resulting
spherical micelles, the video clip of one spherical micelle
chosen from the simulation box was made and shown in the
ESIt (Video S1).

(al) (b1) (cl) dan (el)
(e2)

(32) -J,.n .

(b2) ¢

(c2) (d2)

Fig. 3 Real-time fusion of two small spherical micelles into one big spherical micelle in
the simulation at 3.80 x 10° steps (a), 3.82 x 10° steps (b), 3.84 x 105 steps (c), 3.86 x
105 steps (d), and 3.90 x 105 steps (e). For each snapshot from (a) to (e), the upper c..
is the whole view, while the lower one is the cross-sectional view. Water beads are
omitted for clarity. The color codes are the same as those in Fig. 2.

Furthermore, the DPD simulation results can also proviuc
more details of the self-assembly structure, which coula
provide valuable microscopic insights for the formation of the
aggregate. Fig. 4a displays a cross-sectional view of a
magnified spherical micelle chosen from Fig. 2e. Evidently, tt..
spherical micelle is composed of an inner kernel formed by the
aggregated hydrophobic hyperbranched cores, surrounded by
an outer corona formed by the hydrophilic arms. To clearlh
display molecular packing structure of the spherical micelle,
two HMCs in the cross-section were labelled with differen
colors, and it shows that each HMC is microphase-separated
into a cone-shaped geometry with segregated core and arms
Thus, for the HMCs with a low DB, they might undergo a
spherical-to-cone microphase separation to construct t' _
spherical micelles as shown in Fig. 4b.2%?

*Mlcrﬂphﬂ%‘ ‘ elf-assemb]
#separauon '

Fig. 4 The fine structure of one spherical micelle: (
spherical micelle, and the arrow indicated the two labelled molecules in the cross-

a) Cross-sectional view of the

section. (b) The corresponding schematic representation of the microphase separation
process and the molecular packing model in the spherical micelle. Hydrophobic
hyperbranched core: purple, red, and blue beads; hydrophilic linear arms: green,
yellow, and orange beads. Water beads are omitted for clarity.

This journal is © The Royal Society of Chemistry 20xx
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DPD studies on HMCs with a DB of 35%

Fig. 5 has shown the self-assembly process of HMCs with a DB
of 35%. At the beginning, HMCs randomly distributed in water

(Fig. 5a), and then they aggregated into spherical micelles (Figs.

5b-5c). Subsequently, these spherical micelles grew into small
(Fig. 5d), short (Fig. 5e), and finally long wormlike micelles (Fig.
5f).

(a) ®) N, & ¢
¥
O N Sy ) -
3, 1
¥
% &
- % F -
|
3 ®
- P
(e) (61]
Ex $
$
\
N" .
w2,

Fig. 5 Sequential snapshots of the formation of wormlike micelles from HMCs with a DB
of 35% at the initial state (a), 4.00 x 10* steps (b), 2.80 x 10° steps (c), 4.80 x 10°steps
(d), 9.60 x 10° steps (e), and 2.00 x 10° steps (f). The two wormlike micelles indicated by
the two orange circles in image (f) represent one long wormlike micelle, which is
separated by the periodic boundary conditions applied in all three dimensions. Water
beads are omitted for clarity. The color codes are the same as those in Fig. 2.

Meanwhile, we selected a final long wormlike micelle, and
further studied the real-time evolution of A;, A;, and A3z of the
largest component micelles at sequential simulation steps in
Fig. 6. There are four stages in the self-assembly process. In
the first stage, these three eigenvalues were almost kept equal

to each other and gradually increased with simulation time (Fig.

6, inset), indicating the formation and evolution of spherical
micelle. Thus, stage 1 is featured as the formation of spherical
micelle. In the second stage, A} was suddenly increased into a
value around 5 and then gradually kept stable, while A; and A3
were kept nearly constant. Thus, stage 2 is featured as the
formation of small wormlike micelle. In the third stage, A} was
jumped into a value around 7.5, while A, and A3 was still kept
nearly constant. Thus, stage 3 is featured as the formation of
short wormlike micelle. In the fourth stage, A, was further
jumped into a value around 12 with A, and A3 nearly constant.
Thus, stage 4 is featured as the formation of long wormlike
micelle. Moreover, the largest component micelles at specific

This journal is © The Royal Society of Chemistry 20xx
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simulation steps were also indicated in Fig. 6 (I-V), which
intuitively indicates the changes of micelle size and
morphology during the self-assembly.

an

e ey
M — it

15 _1.sl.‘ A;.'?

15 /
12 + g Stage 1--—mmmd’ |

06 1.2 18 24 (lii

< 9
am Stage 4

—-—)

e Stage 3 e > —o— ),

—A— 1;

1 " 1 " 1 " 1
5 10 . 15 20

time step/10

Fig. 6 The time evolution of A, A,, and A; of the largest component micelles of a final
long wormlike micelle at different simulation steps. Water beads are omitted for cla..y.
The color codes are the same as those in Fig. 2.

Correspondingly, the size and the shape of the larges.
micelles as indicated in Fig. 6 were further quantified by the
radius of gyration Ry and the asphericity 6, respectively (Table
2). The values of Ry increased from 2.59 to 13.98, indicatii-
that the micelles gradually grow larger. The values of § for !
and Il were close to zero, implying that the micelles are kep*
spherical shape at the beginning. Subsequently, the values of &
gradually increased from 0.37 to 0.86 (llI-V), which suggests
that the micelles turn into wormlike micelles.

Table 2 The radius of gyration R, and the asphericity o of the largest micelles as
indicated in Fig. 6 (I-V)

parameters 1 11 111 I\% \
R, 2.59 3.51 5.23 8.46 13.5¢
o 0.007 0.001 0.37 0.69 0.86

According to Fig. 6, there are four stages in the self-
assembly of long wormlike micelle, however, the detailed
pathways for these self-assembly stages are still unknown.
Thus, the sequential snapshots of the micelles in all thes-
stages were captured to disclose the pathways. The first stase¢
is similar to the process of spherical micelles self-assembled
from HMCs with a DB of 21%, and thus is not shown here agair
The detailed pathway for the second stage is displayed in Fig 7
The two small spherical micelles were coalesced together, ana
then they were gradually laterally fused with each other
form one small wormlike micelle. The third stage involves the
transition from the small wormlike micelle to the shc
wormlike micelle, which is induced through the lateral fusi
between small spherical micelle and small wormlike micelle, as
depicted in Fig. 8. The fourth stage is attributed to the
formation of long wormlike micelles, which involves the en~'-
to-end fusion of two short wormlike micelles as shown in Fig 9
In summary, the dynamic formation process of wormlike
micelles could be schematically shown in Fig. 10, and there are

J. Name., 2013, 00, 1-3 | 5
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three kinds of lateral fusion processes including the “sphere to
sphere” fusion (Fig. 10a), “rod to sphere” fusion (Fig. 10b), and
“rod to rod” fusion (Fig. 10c). To further illustrate this, a
complete self-assembly process of the wormlike micelle was
shown in the video in the ESIf (Video S2).

(al) I (hl)‘ (c1) I (dl}‘ (el)

(a2) l (b2) (€2) | (d2) (e2)

Fig. 7 A real-time lateral fusion process from two small spherical micelles into one small
wormlike micelle in the simulation at 2.80 x 10° steps (a), 2.96 x 10° steps (b), 3.10 x
10° steps (c), 3.22 x 10° steps (d), and 3.36 x 10° steps (e). For each snapshot from (a)
to (e), the upper one is the whole view, while the lower one is the cross-sectional view.

Water beads are omitted for clarity. The color codes are the same as those in Fig. 2.

(nl)l (b1) | (el}' (dl]‘ lcl)‘
(a2) (b2) (2 (d2) (e2)

!

rerfr

Fig. 8 A real-time fusion process between small spherical micelle and small wormlike
micelle to form short wormlike micelle in the simulation at 6.02 x 10° steps (a), 6.12 x
10° steps (b), 6.26 x 10° steps (c), 6.38 x 10° steps (d), and 6.60 x 10° steps (e). For each
snapshot from (a) to (e), the upper one is the whole view, while the lower one is the
cross-sectional view. Water beads are omitted for clarity. The color codes are the same
as those in Fig. 2.

(al) (b1) (c1) (d1) (el)

s P Fp Fan Sus

Fig. 9 A real-time end-to-end fusion process of two short wormlike micelles into one
long wormlike micelle in the simulation at 1.186 x 106 steps (a), 1.202 x 106 steps (b),
1.210 x 106 steps (c), 1.236 x 10° steps (d), and 1.250 x 108 steps (e). For each snapshot
from (a) to (e), the upper one is the whole view, while the lower one is the cross-
sectional view. Water beads are omitted for clarity. The color codes are the same as
those in Fig. 2.

Aggregation
oy

35%DB HMCs

@
e
(a)

Spherical micelle Small wormlike micelle

@ 2 Al
e, “ e
(b) (c)

Short wormlike micelle Long wormlike micelle
Fig. 10 Schematic representation for the dynamic formation process of wormlike
micelles from HMCs with a DB of 35% in hydrophobic hyperbranched core. (a) The
“sphere to sphere” lateral fusion; (b) The “rod to sphere” lateral fusion; and (c) The

“rod to rod” lateral fusion.

The simulation can also provide the molecular packing
According to the
magnified wormlike micelle as shown in Fig. 11a, the micelle

model inside the wormlike micelles.
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has a completely segregated kernel-shell structure. The
hydrophobic cores of HMCs are packed in the micelle kernel
and the hydrophilic arms are outspread in water to stabilize
the micelle. In addition, two labelled HMCs in the cross-sectior
were separated, and it shows that each HMC is microphase-
separated into a truncated cone-shaped geometry witt
segregated core and arms. Thus, for the HMCs with a DB ot
35%, they might undergo a spherical-to-truncated cone
microphase separation to construct the wormlike micelles as
shown in Fig. 11b.

(a)

v
TH...00.. . oo
te—eo— U

Fig. 11 The fine structure of one wormlike micelle: (a) A magnified view of the wormlike
micelle, and the arrow indicated two labelled molecules on the cross-section of the
wormlike micelle. (b) The corresponding schematic representation of the microphase
separation process and the molecular packing model in the wormlike micelle.
Hydrophobic hyperbranched core: purple, red, and blue beads; hydrophilic linear arms.
green, yellow, and orange beads. Water beads are omitted for clarity.

DPD studies on HMCs with a DB of 50%

Fig. 12 has shown the self-assembly process of HMCs with a DB
of 50%. At the beginning, HMCs randomly distributed in wate.
(Fig. 12a). Then, these randomly distributed HMCs aggregated
into spherical micelles (Fig. 12b). And then, the spherica,
micelles transformed into wormlike micelles (Fig. 12c)
Subsequently, the wormlike micelles transformed into
membranes (Fig. 12d). Finally, the flexible membranes bended
(Fig. 12e), and closed to form vesicles (Fig. 12f).

The three eigenvalues A, A, and A3 of the largest component
aggregates in each simulation step of a final vesicle werc¢
calculated, as shown in Fig. 13a. The change trend of these
eigenvalues is more complex than that of the previous twc
HMC systems, and there are about six stages can be discernec
in the self-assembly process. As depicted in the inset of Fig
133, at the beginning, A, Az, and A3 were almost equal to eacr.
other below 1.20 x 10* simulation steps, indicating the
formation of spherical micelles. So it is a stage (stage 1)
featured as the formation of spherical micelles, which is aisc
proved by the direct morphology observation from aggregat
(Fig. 13b). Then, A, went on increasing from 2.0 to 6.2, while A,
and A; were kept nearly constant, indicating the formation ~°
anisotropic supramolecular structures. The direct morpholc »
observation of aggregate Il (Fig. 13b) indicates that they are
wormlike micelles. Thus, the stage 2 is featured as the
transformation from spherical micelles into wormlike micelles.
In stage 3, A, started to increase from 1.7 to 6.0, while A3 w is
still kept nearly constant. The morphology observations
indicate that the wormlike micelles (aggregate Il) gradually

This journal is © The Royal Society of Chemistry 20xx
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fuse with each other (aggregate IlI) to form membrane
(aggregate IV) in this stage. Thus, the stage 3 is featured as the
transformation from wormlike micelles to membrane. In stage
4, both A; and A3 just changed a bit, and only an undulation of
membrane was observed from aggregate IV to aggregate V.
Subsequently, in stage 5, A3 jumped from 2 to 4.5, while A, was
almost kept constant. It is a stage for the bending (aggregate
VI) and closing (aggregate VII) of the membrane to form
vesicle (aggregate VIII). Finally, in stage 6, the three
eigenvalues were kept equal to each other again, and it is a
stage attributed to the undulation of spherical vesicle
(aggregate IX). It should be noted that the changes of A;
became very complex after 4.0 x 10* simulation steps, so only
A2 and A3 were used to determine the self-assembly processes
from stages 3 to 6.

@ O e ~
H 1
& ~
g L
' &
g, -
(c) . = (d)
4 ' a
@ "
r -
@ <~ '
(e) - (0]

L &Y :

Fig. 12 Sequential snapshots of the formation of vesicles from HMCs with a DB of 50%
at the initial state (a), 8.00 x 103 steps (b), 4.00 x 10* steps (c), 7.20 x 10° steps (d), 8.80
x 10° steps (e), and 2.00 x 10° steps (f). Water beads are omitted for clarity. The color
codes are the same as those in Fig. 2.

Correspondingly, the size and the shape of the largest
aggregates as shown in Fig. 13b were further quantified by Ry
and &, respectively (Table 3). The values of Rg for aggregates |
to Il increased from 3.18 to 10.01, indicating that the
aggregates gradually grow larger, while the values of § were
0.009, 0.67, and 0.34, respectively, indicating that the
morphologies of the aggregates go through from sphere,
wormlike, to membrane-like structure. Both R; and &6 for
aggregates Ill to IV decreased, implying the formation of
complete membrane. The values of Ry and & for aggregates IV
and V were almost equal, indicating the undulation of the

This journal is © The Royal Society of Chemistry 20xx
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membrane. The values of Ry from aggregates V to IX decreased
from 9.20 to 8.46, while the values of 6 decreased from 0.20 to
0.006, implying that the membrane was gradually bent and
then closed to vesicle.

(@)

0 4 8 12 16 20
time step/10°

D amy (1)

4.00 % 10* steps

1.20 X 10 steps
) v

1.20 X 10° steps
(VD

3.60 X 10° steps 7.20 X 10° steps 9.20 X 10° steps

(VID) (VD) (aIx)

1.12X 10%steps 1.20 X 10°steps 2.00 X 10°steps
Fig. 13 (a) The time evolution of A, A;, and A; of the largest aggregates of a final vesicle
at different simulation steps. (b) The corresponding morphologies of the largest
aggregates (I-IX). Water beads are omitted for clarity. The color codes are the same as
those in Fig. 2.

Table 3 The radius of gyration R, and the asphericity ¢ of the largest aggregates
as indicated in Fig. 13b (I-IX)

parameters 1 11 II1 v A\
VI VII VIII IX

R, 3.18 6.60 10.01 9.20 9.20
9.11 8.72 8.56 8.46

o 0.009 0.67 0.34 0.20 0.2
0.09 0.027 0.009 0.006

During the formation of vesicle, the first two stages are
similar to the process of short wormlike micelles self-
assembled from HMCs with a DB of 35%; however, the
detailed pathways for the formation of membrane and vesicie
are still unknown. Thus, the sequential snapshots of the
aggregates were captured to disclose the pathways. As can be
seen from Fig. 14, the very short wormlike micelle cou d
laterally fuse with the neighboring micelle to form sm.’
membrane (Figs. 14a-14c), and then the small membrane
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gradually laterally fused with the neighboring wormlike micelle
to form large membrane (Figs. 14d-14i). Subsequently, the
large membrane gradually bent and curled up to form a bowl-
like structure (Figs. 15a-15c). Finally, the bowl-like structure
closed to form a spherical vesicle (Figs. 15d-15f). On the basis
of the above results, the dynamic formation process of the
vesicle could be schematically summarized as shown in Fig. 16.
To further illustrate this, a complete self-assembly process of
the vesicle was shown in the video in the ESI{ (Video S3).

() (b) (©)

(d) U]

o
S

&

® (h)

€ 2w
vez

&

Fig. 14 A real-time growth process of membrane in the simulation at 6.80 x 10 steps
(a), 7.60 x 10% steps (b), 8.40 x 10* steps (c), 9.20 x 10* steps (d), 1.00 x 10° steps (e),
1.08 x 10° steps (f), 1.20 x 10° steps (g), 2.00 x 10° steps (h), and 3.60 x 10° steps (i).
Water beads are omitted for clarity. The color codes are the same as those in Fig. 2.

(al) (b1) (cl)
A & w
(a2) (b2) (c2) .
"
(d1) (el) (f1)
& ¢ ¢
(d2) ‘ (e2) (12)
& &

Fig. 15 A real-time self-assembly dynamics of vesicle through the bending and closing
of the membrane in the simulation at 7.80 x 10° steps (a), 8.60 x 10° steps (b), 9.80 x
10° steps (c), 1.08 x 106 steps (d), 1.12 x 106 steps (e), and 1.28 x 106 steps (f). For each
snapshot from (a) to (f), the upper one is the whole view, while the lower one is the
cross-sectional view. Water beads are omitted for clarity. The color codes are the same
as those in Fig. 2.
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Short wormlike micelle
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Spherical micelle
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2. Closing
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Fig. 16 Schematic representation for the dynamic formation process of vesicle from
HMCs with a DB of 50% in hydrophobic hyperbranched core.

Moreover, two labelled HMCs in the cross-section were
separated and magnified, and it shows that the molecula:
geometry of each HMC is in cylindrical shape, and the twc
HMCs are packed together in a head-to-tail manner to forn
the bilayer (Fig. 17a). Thus, for the HMCs with a DB of 50%,
they might undergo a spherical-to-cylindrical microphz -
separation to construct the vesicles as depicted in Fig. 17b.

(a)

"o
=

: - J—

% ii separation “ “

Fig. 17 The fine structure of one vesicle: (a) Cross-sectional view of the vesicle, and the
arrow indicated the two labelled molecules extracted from the vesicle to show the
molecular packing model. (b) The corresponding schematic representation of the
microphase separation process and the molecular packing model in the vesicle.
Hydrophobic hyperbranched core: purple, red, and blue beads; hydrophilic linear ari
green, yellow, and orange beads. Water beads are omitted for clarity.

Self-assemblg

Discussions

The above simulation results indicate that as DB increases, the
self-assembly morphologies of HMCs vary from spherica:
micelles, wormlike micelles, to vesicles, and the correspondii _
dimensions are from zero-dimension (0D), one-dimension (17
to two-dimension (2D), as displayed in Fig. 18. For the HMCs
with a low DB in the cores, they first aggregated into many
small spherical micelles, and then the small micelles furtt

fused into some big spherical micelles. In the packing model of
the spherical micelle, each HMC was microphase-separatcu
into a cone-shaped structure. For the HMCs with a middle DB
in the cores, they first underwent a similar self-assemb.,
process to that of HMCs with a low DB to form spheric.
micelles. Subsequently, these spherical micelles experiencecd
three kinds of sequential lateral fusion processes to get the
long wormlike micelles, including “sphere to sphere” fusion >
form small wormlike micelles, “rod to sphere” fusion to fo. ~
short wormlike micelles, and “rod to rod” fusion to form long
wormlike micelles. In the packing model, each HMC

This journal is © The Royal Society of Chemistry 20xx
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experienced a spherical-to-truncated cone microphase
separation to construct the wormlike micelles. For the HMCs
with a high DB in the cores, they first aggregated to wormlike
micelle, which is similar to the self-assembly process of HMCs
with a middle DB. Then the wormlike micelles laterally fused
with each other to form membranes. Finally, the membrane
was gradually bent and then closed to a bilayer vesicle. In this
packing model, each HMC went through a spherical-to-
cylindrical microphase separation to construct the vesicles.

self-assembly

P e o - = b

Fig. 18 DB-dependent morphology transformation in the self-assembly of HMCs with
variable DBs in the hydrophobic hyperbranched cores. Water beads are omitted for
clarity. The color codes are the same as those in Fig. 2.

Therefore, as the DB increases, the microphase separation
of HMCs varies from cone, truncated cone, to cylinder, while
the self-assembly morphology changes from spherical micelles,
wormlike micelles, to vesicles. Such results verify that the
theory of the packing parameter is suitable for investigating
the self-assembly behaviors of HMCs.3637 These simulation
results are consistent with the experimental findings, and the
synthesized amphihilic HMCs with different DBs in the
hyperbranched cores (Schemes S1-S3, ESIt) have shown the
self-assembly structures changing from spherical micelles,
wormlike micelles, to vesicles with the increase of DBs from
20%, 33%, to 44%.%> Besides, the similations also provide much
more details for the self-assembly process including the self-
assembly dynamics and molecular packing structures in the
self-assemblies, which are very hard for experiments.

The main reason for the DB-dependent self-assembly as
summarized in Fig. 18 is the different hydrophobicity situated
at different DBs in hyperbranched cores. It is well known that
HBPs have better solubility than the corresponding linear
analogues,190:202.2538 gnd the same is true for HMCs. In other
words, the solubility of HBPs with a higher DB is better than
those with a lower DB. Thereby, the repulsive interaction
between the hydrophobic hyperbranched core and water
declines as DB increases, and this result leads to the decrease
of incompatibility between the core and the arms on the
premise that the parameter between the hydrophilic arms and
water is constant. The different interaction parameters caused
by different DBs in HBPs determine the variation of the

This journal is © The Royal Society of Chemistry 20xx

Soft:Matter

microphase separation behaviors, which leads to the
morphology transformation of the self-assembled aggregates.

Conclusions

In summary, we have successfully applied the DPD simulatior.
technique to study the self-assembly behaviors of
hyperbranched multiarm copolymers with hydrophobic core:
of different degrees of branching. The molecular packing
models in the self-assembly structures, as well as the self
assembly mechanisms and the dynamics have been disclosed
in detail. The results indicate that with the increase of degree:
of branching from 21% to 50%, the self-assembly
morphologies of hyperbranched multiarm copolymers change
from spherical micelles, wormlike micelles, to vesicles, which
are in excellent agreement with the experimental observations
The most important thing for the DPD simulation is that it can
provide many details for the self-assembly process which are
difficult to be captured by experiments. For example, the D™™
simulation results indicate that the hyperbranched multiarm
copolymers with a low degree of branching undergo a co
microphase separation to pack into spherical micelles; the
hyperbranched multiarm copolymers with a middle degree o,
branching undergo a truncated cone microphase separation tc
construct the wormlike micelles through continuous fusior
steps of spherical micelles and short wormlike micelles; ana
the hyperbranched multiarm copolymers with a high degree ¢
branching undergo a cylindrical microphase separation tc
construct the vesicles through the intermediates from spheres,
wormlike micelles, membranes, to vesicles. These simulatior
results provide a detailed understanding on the relationship
between the topological architectures of polymers and the¢
self-assemblies.
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This work demonstrates the effect of degrees of branching on the self-assembly of amphiphilic

hyperbranched polymers by dissipative particle dynamics simulations.



