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1. Theoretical Simulations
1.1 Brownian dynamics simulation method

SL.S2 which is an

The Brownian dynamics (BD) simulation was developed by Grest and Kremer,
efficient method for simulating polymer self-assembly. The BD simulation can well realize the implicit
description of the continuum solvent and the simplification of internal motions. The temporal evolution

of the beads obeys the Langevin equation, including all the potentials, the friction term, and the noise

term. The beads are coupled to a heat bath, and the equation of motion is written as

mdhor YW (S-1)
where m; is the mass of the i-th bead, 7 is the friction constant, and F; is the force acting on the i-th
bead, which can be obtained by the derivatives of Uno and Uj. Wi(f) can be calculated through the
fluctuation-dissipation relation
(W ()W, (1)) = 6k, T 7,5, 5(t 1) (S-2)
In the simulation, the periodic boundary conditions are imposed. The integration time step A= 0.0057,
and the simulation temperature kg7 = 3.0¢ was selected.>*>> Here, 7= (mo/)'? is the time unit, m is
the unit of mass, o is the unit of length, and ¢ is the unit of energy.

We consider a simulation system consisting of rod-coil block copolymers in implicit solvents.
The copolymers are modeled as linear chains with R beads of rod block and C beads of coil block,
denoted by RmCh (the subscripts m and n denote the bead number of each block), as shown in Figure
S1A. In the coarse-grained copolymer model, one bead represents a cluster of atoms or repeat units.

The coarse-grained model is parameterized based on experiments. By mapping multiple real atoms

into an interaction site, the model can correspond to a block copolymer chain.5
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The bead-bead interactions are given by the bonding potential U and the nonbonding potential
Ujj. The Unor can maintain a desired molecular chain structure, while the U;; describes the nonbonding
interactions. For the rod blocks, the U can be divided into two parts, that is, the bond stretching
potential Upone and the angle bending potential Usugre. All the neighboring beads are connected by a
bond model with a harmonic spring potential, given by
1 2
Upona (1) =§kb(r —1) (S-3)
where k5 is the bond spring constant, 7 is the distance between the chemically bonded beads, and 7o is
the equilibrium bond length. To realize the rigidity of the rod blocks, the angle bending potential is
introduced
1 2
Uangle (H) = E ka (0 - 90) (S_4)
where &, is the angle spring constant, @ is the angle between two neighboring bonds, and & is the
equilibrium angle.
The nonbonding potential U between any pair of i-th and j-th beads is given by the standard

Lennard-Jones (LJ) potential

12 6 12 6
4, ) A % + % , r<ry
U = i 0 i i (S-5)

C
0, r>r

where T, :‘ri - rj‘ with r, and r; being the positions of the i-th and j-th beads, respectively. I’ijc
is the cutoff distance, and ¢&; is the interaction parameter between the i-th and j-th beads.

The simulations are performed by applying the simulator, coarse-grained molecular dynamics

program based on LAMMPS.5’
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1.2 Parameters settings

Bond and angle. All the neighboring beads are connected by a bond model with a harmonic
spring potential, which is given by Eqn.(S-3). The equilibrium bond length ¢ is 1.0 for the rod and
coil blocks. The value of ks is set as 100 &/0° to avoid the over-stretching of bonds. To model the
rigidity of rod blocks, the angle bending potential is introduced by Eqn.(S-4). In the simulations, the
angle bending potential is employed by setting the angle spring constant k, = 100& and & = 180° for
the rod block, while for the coil block, &, = 0.

Cutoff radius. To take account of the solvent selectivity, the cutoff distance rules of the LIJ
potential Eqn.(S-5) are defined as follows. For the hydrophilic coil blocks, the C-C interactions are
effectively repelled from each other by setting rS. as2'%c. While the R-R interactions are effectively
attracted to each other by setting Iy, as 2.50. To simulate the immiscibility between the rod and coil
blocks, rs. issetas2/%c. S8

Interaction parameters and simulation time. To simulate R-C and C-C interactions, the pairwise
interaction parameters are set as follows, erc = gcc = 1.0&. The higher hydrophobicity is simulated by
the stronger interaction strength srr between the R and R beads. For the construction of disk seeds,
the aggregates are self-assembled from the RmCn copolymers at the interaction parameters grr of 3.0&.
BD simulations with 1.0x108 steps (5.0x10°7) are carried out so that the simulation time is long enough
for the system to achieve an equilibrium state. In the seeded-growth process, the copolymer chains are
put into a simulation box containing the disklike seeds obtained in the first step (Co = 1.0x10 o and
&rr = 3.0¢). The unimers (for example, Co?"Y=1.0%10* &3, i.e., 338 unimers in the simulation box) are

added into the seed solution, and the contour area of the initial disk seeds is fixed at 240064, and the
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interaction parameter &rr is varied from 2.2 to 2.8 BD simulations with 2.0x107 steps (1.0x10°7)
are chosen to observe the growth process, which is long enough for the system to get equilibrium.

Simulation box. All the simulations are performed in a cubic cell using a dynamic algorithm with
the temperature controlling method (NVT ensemble). For the construction of disk seeds, the box size
is set as 60x60x60 &. In the seeded-growth stage, the simulation box is set as 150x150x150 &°.

1.3 Calculation of the number of cylindrical arms and active areas.

The hybrid disk-cylinder micelles, with a disk region and cylindrical arms, are assembled via a
seeded-growth manner. The rod blocks form the core of hybrid disk-cylinder micelles, while the coil
blocks in the corona stabilize the micelle structures. The diameter D of the arms is determined by the
rod block length according to the cholesteric-like LC structure core in the arms. For the ReC3
copolymers, D is about 5.00. The length of cylindrical arms L in the hybrid micelles is defined by the

distance from the disk region edges to the cylindrical arm ends (see Scheme S1A).

Scheme S1. Sketch of the hybrid disk-cylinder micelle, (A) top view, (B) side view, (C) front view.

A

The chain packing of copolymers is inclined in the disk seed edges, and the exposed rod blocks
are regarded as the active sites (see Scheme S1B, C). In the initial growth stage, the growth occurs at
the disk seed edges. The rod blocks at disk seed edges serve as the active sites. As the growth progresses,
the active sites transform from the disk seed edges to the cylindrical arm ends (Figure 2). We defined
the ratio of the number of exposed rod blocks at the disk seed edges or the arm ends to the system

volume as the concentration Cactive.
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1.4 Calculation of the diffusion coefficients

The diffusion behavior of the hybrid disk-cylinder micelles is evaluated by calculating the
diffusion coefficients of the center-of-mass (Dcm) and the arm ends (Dend). The motions of chain beads
in the center or the edge regions are traced to evaluate their displacements. The mean square
displacements (MSDs) of arm ends are defined as the MSDs of all the copolymer beads within 1o from
the arm end. The average value of the MSDs of these beads is calculated to describe the motion of arm
ends. The diffusion coefficients of the center-of-mass of the disklike micelle are calculated as well.
The diffusion coefficients are related to the MSDs of corresponding motion units, which can be

calculated by the Einstein relation®®

dMSD(t)

D = lim &2 (50
MSD(t) = ([r(t, +t) - r(t,)I’) (S-7)

where r(t,+t) and r(t,) are the positions of the particles at t+# and t, respectively.

For the comparison of diffusion behavior of the hybrid micelle and disklike micelle, the chain
number of R¢C3 copolymers in the micelles is kept the same (appr: 560 copolymer chains). For the
calculation of diffusion behavior of various hybrid micelles, the area of the disk region and the total
length of the cylindrical arms are constant, all the hybrid micelles contain 550~600 copolymer chains,

and the number of the cylindrical arms is regulated.

SI 7



2. Seed formation from self-assembly of rod-coil block copolymers

Block copolymers with hydrophobic rod block and hydrophilic coil block are constructed. The
copolymers are modeled as linear chains with R beads of the rod block and C beads of the coil block,
denoted as RmChn (the subscripts m and n denote the bead number of each block). As shown in Figure
S1A, the R and C beads are denoted with blue and red colors, respectively. To choose the suitable
coarse-grained copolymer model for the formation of 2D seeds and the subsequent 1D growth, we
examined the self-assembly behaviors of the RmCn block copolymer with various block ratios. The

copolymer concentration Cy and interaction strength rr are fixed at 1.0x103 o3 and 2.5¢, respectively.
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Figure S1. (A) BD model of a rod-coil block copolymer, which is denoted as R¢C3. (B) Morphological
diagram of the aggregates formed by RmCn copolymers. All the stable self-assembled structures are

obtained at the simulation time of 5.0x10° 7.
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The simulation results obtained at various bead numbers m and n are summarized into a
morphological diagram shown in Figure S1B. It was found that the RmCn copolymers can self-
assemble into small aggregates, cylindrical micelles, and disklike micelles. As the bead number m is
small (i.e., short rod block), the copolymers exist as unimers. When varying the rod-to-coil block ratio
by increasing the length of rod blocks, small aggregates and disklike micelles are assembled from the
copolymers with longer coil blocks and shorter coil blocks, respectively. The R¢C3 copolymers have
medium lengths of rod and coil blocks, and they can assemble into either cylindrical micelles or
disklike micelles. Therefore, the R¢C3 copolymers are chosen to construct the disk seed and investigate

the growth of hybrid disk-cylinder micelles in this work.

A

C -

& £

Figure S2. Typical simulation snapshots are obtained from the transition region (pink region) in Figure
1B in the main text, where the interaction strength &rr is fixed at 3.1 and the simulation time is
5.0x10°z. The concentration of initial copolymers Cp is (A) 1.0x10*5 3, (B) 2.0x10*5 3, (C) 3.0x10°
4073, respectively. The dashed box is an enlarged view of the circled micelle structures.

The morphologies of the R¢C3 block copolymers are also determined by the interaction strength
&rr between the rod blocks and the initial concentration Co of the copolymers. With increasing the
interaction &rr, cylindrical micelles and disklike micelles are obtained. Note that the transformation

process from the cylindrical micelles to the disklike micelles is not a first-order phase transition. Thus,

there is a transition region between the cylindrical morphological phase and the disklike morphological
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phase. Typical simulation snapshots for various Cp at the given &rr in the transition phase region are
illustrated in Figure S2. Almost all unimers assemble into the aggregates. The cylindrical micelles and
the disklike micelles simultaneously exist in the phase transition region (dashed box in Figure S2). As
the Cp increases, the concentration of the cylindrical and the disklike micelles gradually increases. The
phase transition region provides a possibility for constructing hybrid disk-cylinder micelles via a

seeded-growth manner.

ST 10



3. Three kinds of growth manners of disklike micelles

Living growth of disklike micelles. The unimers are added to the disk seed solution (disk seed
form at Co = 1.0<10° o2 and &rr = 3.0&). The rod blocks in the disk seed and the newly added unimers
are blue and green, respectively (Figure S3A). When the Co®™ and the interaction strength err are
relatively low (e.g., Co®™ and srr are fixed at 1.0x10* o3 and 2.5¢, respectively), the disklike micelles
are obtained. As shown in Figure S3B-D, no new aggregates are formed in the system, and the unimers
incorporate onto the disk edges one by one. With increasing the simulation time, almost all unimers
grow on the seed, and the larger concentric disklike micelle can be constructed. This growth process
exhibits characteristics of living growth.5°
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Figure S3. (A) The disklike micelles are formed by the R¢C3 copolymers in a seeded-growth manner
via the living growth process. The simulation time is (B) 0 7, (C) 2.5x10%z, (D) 1.0x10° 7, respectively.

Fusion growth of disklike micelles. The disklike micelles can also be constructed at the higher
Co?" and the interaction strength srr. For example, the Co?™ and «rr are fixed at 5.0x10“o 2 and 3.0¢,

respectively. This growth process is illustrated in Figure S4A. Most of the added unimers tend to form
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primary small aggregates at first (Figure S4C). The newly formed aggregates have a certain exposed
area that can contact the edge of the disk seeds and fuse with the seed. As the simulation time increases,
more aggregates grow onto the disk seed. Meanwhile, the rod blocks in the aggregate adjust themselves
to match the chain arrangement of the seed micelle, and the larger disklike micelle can be obtained via

the fusion growth process. (Figure S4B-D).5!
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Figure S4. (A) The disklike micelles are formed by the RsCs copolymers in a seeded-growth manner
via a fusion growth process. The simulation time is (B) 0 7, (C) 2.5x10* , (D) 1.0x10° 7, respectively.

Hybrid growth of disklike micelles. Under the conditions of moderate &rr, the added unimers
are attached to the disk seed edges, but they cannot adjust themselves to well match the LC-like
structures in the seeds. With simulation time increasing, the attached unimers assemble into 1D
cylindrical structures (i.e., the arms of seeds), and then the hybrid disk-cylinder (2D-1D) structures are
formed (see Figure 2A-D in the main text). Unlike the 2D living growth and the 2D fusion growth

manners, we termed such a growth behavior as a 2D-1D hybrid growth manner.

ST 12



4. Effect of added unimer concentration on the growth of hybrid micelles

The effect of the added unimer concentration Co>"¢

on the growth of hybrid disk-cylinder micelles
is examined. The &rr is fixed at 2.5, and the Cop*™ is varied from 2.0x10%*c > to 6.0x10*5 3. The size
of the initial disk seeds is ca. 24002, and the simulation time is 1.0x10° 7 for equilibrium. Figure S5A-
E displays the typical simulation snapshots of the hybrid disk-cylinder micelles at various Co*™. For
the higher Co?™, the hybrid disk-cylinder micelles with longer cylindrical arms can be observed.

Meanwhile, the arm number on the hybrid disk-cylinder micelles at various Co*™ is examined. For the

fixed Co?™, the small error bars indicate the weak fluctuation in the arm number. As the Co*™™ increases,

the arm number is basically the same (Figure S5F). These results demonstrate that Co*>™ has less effect

on the arm number under the present condition employed.
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Figure S5. Typical simulation snapshots of the hybrid disk-cylinder micelles, where the interaction
strength rr is fixed at 2.5¢ and the simulation time is 1.0x10°z. The concentration of added unimers
Co™™ is (A) 2.0x10%c73, (B) 3.0x10%c 73, (C) 4.0x10%c73, (D) 5.0x10%c73, (BE) 6.0x10%c7,

respectively. (F) The arm number on the hybrid disk-cylinder micelles at various Co*™.
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5. Effect of the disk seed size on the arm number

The effect of the disk seed size on the arm number is examined, where the err and the Co*™™ are
fixed at 2.5 and 5.0x10"* o 3, respectively. The simulation time is 1.0x10°z for equilibrium. Figure S6A
shows the morphologies of hybrid disk-cylinder micelles obtained at various disk seed sizes. For the
larger disk seed, the more exposed edges are beneficial to the growth of cylindrical arms. As the seed

size increases, the arm number increases.

-

Disk Seed Size

T2 X

Simulation Time

Figure S6. Typical simulation snapshots of the hybrid disk-cylinder micelles with various seed sizes,
where the interaction strength err is fixed at 2.5¢ and the concentration of added unimers Co*™ is
5.0x10*c 3, respectively. (A) The area of the disk seed is 12067, 18002, 24057 and 30052, respectively.
The simulation time is 1.0x10°z. (B) The simulation time is 6.0x10°z, 7.0x10°z, 8.0x10°7 , and

9.0x10° 7, respectively. The area of the initial disk seed is 2405,

The influence of simulation time on the number and location of cylindrical arms is also examined,
where the err and the Co*™ are fixed at 2.5 and 5.0x10“o 3, respectively. The area of the disk seed is

ca. 2405°. As shown in Figure S6B, in the growth process, the newly grown cylindrical arms tend to
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grow in the location that is farthest from the former cylindrical arms due to the steric hindrance effect.
For instance, two cylindrical arms grow at the nearly opposite position on the hybrid disk-cylinder
micelle when the simulation time is 7.0x10 7. As the simulation progresses, the cylindrical arms grow
on the disk seed edges one by one. For a thermodynamically stable hybrid disk-cylinder micelle, the
location of cylindrical arms is uniformly distributed on the disk edges, which is an arrangement that

minimizes the energy of the micelles.
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