
I 
 

 

 

Coarse-grained Simulation of Sheet Polymer 

Transformation Driven by Asymmetries from 

Surface Grafted Coil Configurations 

 

 

Minwoo Han 

 

 

The Graduate School 

Yonsei University 

Department of Chemistry 

 



II 
 

 

Coarse-grained Simulation of Sheet Polymer 

Transformation Driven by Asymmetries from 

Surface Grafted Coil Configurations 

 

A Dissertation 

Submitted to the Department of Chemistry 

and the Graduate School of Yonsei University 

in partial fulfillment of the  

requirements for the degree of  

Doctor of Philosophy 

 

 

Minwoo Han 

 

February 2013 

 



III 
 

This certifies that the dissertation of 

Minwoo Han is approved. 

                

___________________________ 

Thesis Supervisor:           Prof. Eunji Sim  

                

___________________________ 

Thesis Committee Member 1:  Prof. Dongho Kim 

                

___________________________ 

Thesis Committee Member 2:  Prof. Doo wan Boo  

               

___________________________ 

Thesis Committee Member 3:  Prof. Dongli Lee 

               

___________________________ 

Thesis Committee Member 4:  Prof. Moon-Gun Choi 

 

The Graduate School 

Yonsei University 

December 2012  



IV 
 

CONTENTS 

 

List of Schemes and Figure…................................................................... VI 

List of Tables............................................................................................ X 

Abstract in English................................................................................... XI 

Abstract in Korean.................................................................................... XV 

 

 

Chapter 1.  General Introduction ......................................................... 1 

1.1 Introduction ................................................................................. 2 

1.1.1 Block Copolymer Self-assembly......................................... 2 

1.1.2 Sheet Polymer Transformation........................................... 3 

1.1.3 Surface Grafted Sheet Polymer.......................................... 4 

1.2 Simulation Methods..................................................................... 6 

1.2.1 Dissipative Particle Dynamics Simulation......................... 6 

 

Chapter 2. Self-assembled Polymer Transformation from flexible 

Miktoarm Molecules .......................................................  8 

2.1 Introduction................................................................................. 9 

2.2 Models ........................................................................................ 13 

2.3 Results and Discussion ............................................................... 18 

2.4 Conclusion .................................................................................. 40 

 

 



V 
 

Chapter 3. Asymmetric Coil Grafted 2-Dimensional Sheet Polymer 

Transformation.................................................................  42 

3.1 Introduction................................................................................. 43 

3.2 Models ........................................................................................ 44 

3.3 Results and Discussion ............................................................... 48 

3.4 Conclusion .................................................................................. 64 

 

Chapter 4. Grafted Coil Configuration Dependent Sheet Polymer 

Transformation.................................................................  66 

4.1 Introduction ................................................................................. 67 

4.2 Models ........................................................................................  70 

4.3 Results and Discussion ............................................................... 74 

4.4 Conclusion.................................................................................... 86 

 

Chapter 5. References and Publication List ........................................  88 

5.1 References …............................................................................... 89 

5.2 Publication list.............................................................................. 99 



VI 
 

List of Schemes and Figures 

 

 

Scheme 2.1 Schematic illustration of coarse-grained models of AB2 miktoarm star copolymers 

considered in this work. 
Af  is the volume fraction of the A group of each model. 

Figure 2.1 Phase diagram of self-assembled cluster of AB2 miktoarm star copolymer with 

respect to composition volume fraction (
Af ) and A group-solvent repulsion ( ASa ).  

Figure 2.2 (a) Average end-to-end distance of A group (
Ad ) and (b) relative contraction and 

expansion ratio, 
REF

AA dd / , as a function of A group-solvent repulsion ( ASa ). A group 

volume fraction is classified by different colors. 

Figure 2.3 Selected representative micelles (shown in red, A group beads are omitted for 

clarity) and three principle radii of gyration ( R ) with respect to number of molecules in the 

cluster (M) at Tka BAS 19 [(a) and (b)],  Tka BAS 22  [(c) and (d)], and 

Tka BAS 25   [(e) and (f)]. The left column is at 500t  and the right column is at 

000,15t . 

Figure 2.4 Time evolution of three principle radii of gyration ( R ) and corresponding clusters 

at each time point (shown in red, A group and solvent beads are omitted for clarity). Growth 

process is illustrated for (a) a cylindrical micelle ( 22AS Ba k T ) and (b) a disc-like bilayer 

fragment ( 25AS Ba k T ). 

Figure 2.5 Density profile of micelles (A group (blue) and B group (red) are shown. Solvent 

beads are omitted for clarity) within the indicated box ( 8 8 42    ) at (a) 

28AS Ba k T  and 50.0Af , (b) 37AS Ba k T and 50.0Af , and (c) 

40AS Ba k T and 28.0Af . x-axis represents the relative coordinate from the center of 

the mass of the micelle along the long-dimension of the box. 



VII 
 

Figure 2.6 Formation process of multi-layered micelles at Tka BAS 37 . Solvent beads are 

omitted for clarity. Note the formation of small micelles followed by large cluster formation 

through aggregation and phase separation inside the clusters. 

Scheme 3.1 (a) Coarse-grained model of a laterally grafted rod-coil molecule and (b) top view 

of the initial structure of surface grafted 2D polymer sheet model. Red beads in (b) denote coil 

grafted position. We assumed that upper and lower side grafted coils are attached to the same 

rod bead. Dotted line connecting beads denote inter-rod interaction by harmonic springs, while 

double solid lines denote intra-rod harmonic bonding with angle constraint. 

Figure 3.1 (a) Crumpled cylinder phase formed from a 2D polymer sheet and (b) curved sheet 

and scroll phase from a surface grafted 2D polymer sheet. For comparison, the same polymer 

sheet model was used for (a) and (b). 

Figure 3.2 Phase diagram of surface grafted 2D polymer sheet. Instead of the full picture, 

cross-sections of curved structures are shown to demonstrate local curvature and to emphasize 

the presence of the internal cavity. BAV NN /  represents the volume asymmetry 

between A-coil (upper) and B-coil (lower) beads and ASa  describes the solvent affinity of A-

coils. While B-coil consists of seven beads ( 7AN  ) for all models, the number of beads in 

A-coil, 
AN , varies from 1 to 7. Cross-sections are drawn to their relative sizes except for the 

fluctuating 2D sheet and the curved sheet, which are shrunken to fit. 

Figure 3.3 (a) Selected four structures noted in the dotted box of Figure 3.2 and their energy 

profile in (b) and radius of gyration in (c). CS stands for a curved sheet, SWT for a single-

walled tubular scroll, MWT for a multi-walled tubular scroll, and FS for a filled scroll. All 

models are from the 5‒7 models ( 73.0V ) with, respectively, ASa TkB25  (CS), 

TkB5.25  (SWT), TkB26  (MWT), and TkB27 (FS). 

Figure 3.4 Curve formation rate with respect to the solvent affinity of A-coils, ASa . For each 

data point, three uncorrelated initial structures were simulated and error bars are employed to 

demonstrate the sensitivity of initial structures. 



VIII 
 

Figure 3.5 Density profiles of the three selected scroll structures inside the dotted box of 

Figure 3.2. The solvent affinity of A-coils, ASa , is (a) TkB5.25  (b), TkB26 , and (c) 

TkB27 . Each line represents different types of beads: sheet (black line), A-coil (red line), and 

B-coil (blue line). Solvent beads are omitted for clarity.  

Figure 3.6 Relationship between internal cavity diameter, DH, of a scroll and solvent affinity 

of A-coils, ASa . For each data point, three uncorrelated initial structures were simulated and 

error bars are employed to demonstrate the sensitivity of initial structures. In some cases, error 

bars are smaller than markers. 

Scheme 4.1 Initial configurations of coarse-grained surface-grafted sheet polymer: (a) the 

reference surface side and (b) a disordered surface side, with augmented top views of 

reference graft points in (c) and displaced graft points according to (d) model I, (e) model II(1), 

and (f) model II(2), respectively. Blue beads denote the reference graft points of grafted coils, 

while red beads represent graft points on the disordered surface. Yellow beads are sheet beads. 

Figure 4.1 Cross sections of DPD-simulated surface-grafted sheet polymers along the 

longitudinal direction for models I, II(1) and II(2) with respect to grafted coil displacement 

fractions (  ). 

Figure 4.2 (a) The grafted coil displacement fraction (  ) dependent anisotropy parameter 

( 2Q ) and (b) the relationship between 2Q  and the radius of gyration ( gR ). At a given  , 

error bars represent minimum and maximum values of 2Q  out of 50 randomly generated 

graft configurations. In some cases, error bars are smaller than markers. While lines in (a) are 

arbitrarily drawn to guide, the solid line in (b) is a linear regression fit, 

18.2544.17
~

2  QRg
.  

Figure 4.3 Time evolution of the radii of gyration, gR
~

(dashed line), and three principal radii, 

iiR (solid lines) for model I at (a) 4.0  and (b) 9.0 . While latRR 33  is 



IX 
 

invariant and denotes the lateral dimension of the sheet model, 2211 RR  , represents the 

tubule diameter, which is proportional to that of the internal cavity. 

Figure 4.4 MD-simulated structures of T-GRC and A(1)-GRC co-assembly at (a) the A(1)-

GRC fraction, (b) 0A , (c) 2.0A , and (d) 4.0A . Grafted coil graft points are 

denoted as red beads, while yellow beads are rod beads and the blue hexagons in (b) to (d) are 

drawn for comparison. (e) Nearest-neighbor grafted coil distances in the longitudinal direction, 

CR : at a given A , the marker represents the average 
CR  taken from 10 independent initial 

structures, and error bars correspond to minimum and maximum values of 
CR  within the 

ensemble. The solid line is arbitrarily drawn to guide. 

 

 

 

 

 

 

 

 

 



X 
 

List of Tables 

 

Table 2.1 Vesicle formation process in case of Tka BAS 28 . M is the number of 

molecules consist of corresponding cluster and 
1

~
R , 

2

~
R ,and 3

~
R  are the principle radii of 

gyration tensor in DPD cutoff distance unit, 
cr . 

Table 3.1 DPD potential parameters: repulsion parameter, a , force constant, k , 

equilibrium bond distance and angle, r , and  . In subscripts, A, B, R, and S represent, 

respectively, A-coil, B-coil, sheet, and solvent beads, intra (inter) denotes intra-rod (inter-rod) 

interaction, and ang denotes angular constraint. a  is in 
Bk T  unit.  

Table 4.1 DPD potential parameters. In subscripts, C, R, and S correspond to grafted coils, 

sheets, and solvent beads, respectively. a  is in units of 
Bk T  and other parameters are in 

DPD reduced units. 

Table 4.2 MD potential parameters in Lennard-Jones reduced units.  

 

 

 

 

 

 

 

 

 

 

 

 

 



XI 
 

 

ABSTRACT 

 

Coarse-grained Simulation of Sheet Polymer Transformation 

Driven by Asymmetries from Surface Grafted Coil Configurations 

 

Han, Minwoo 

Dept. of Chemistry 

The Graduate School 

Yonsei University 

 

Conformation transformation of 2-dimensional polymer in solution and solid state 

shows different aspects with respect to linear polymers. Depending on the rigidity and aspect 

ratio of polymer sheet, a sheet transforms into crumpled, cylindrical, or flat morphologies. 

Each of morphologies has different physical property and functionality, such as surface area, 

fluid dynamics, or internal cavity volume. In this work, focusing on the grafted coil on the 

surface 2-dimensional polymer sheet, I performed dissipative particle dynamics and molecular 

dynamics simulation to understand detailed transformation mechanism.  

First, investigation of various micelle shapes of lipid-like amphiphilic AB2 miktoarm 

star copolymers in a dilute solution is carried out. AB2 miktoarm star copolymer molecules are 

modeled with coarse-grained models that consist of a relatively hydrophilic head (A) group 

with a single arm and a hydrophobic tail (B) group with double arms. A decrease in the 

hydrophilicity of the head group leads to a reduction of the polymer-solvent contact area, 

causing secondary structural changes from spherical micelles to vesicles. Consequently, a 

spherical exterior with multi-lamellar or cylindrical interior structures forms under poor 
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solvent conditions without the introduction of spherical hard-wall containers. The influence of 

the volume fraction was also explored by changing molecular composition of the amphiphilic 

groups. Especially bilayer morphologies from flexible miktoarm molecule are determined by 

surface head coil’s property  

After isotropic flexible sheet, the anisotropic sheet from self-assembly of amphiphilic 

T-shape rod-coil molecules which consist of rigid rod and flexible coil is investigated. The 

anisotropic sheet transforms to tubular scroll formation through simple modification of surface 

grafted coils. The results show that coarse-grained 2D sheets transform to various cylindrical 

structures including tubular and filled scrolls in the presence of broken volume and chemical 

symmetries of surface coils: volume (chemical) asymmetry arises when coils on one side have 

different number of beads (solvent affinity) from those on the other side. It is clear from a 

phase diagram that the scroll formation is governed by the balance between hydrophobicity 

and entropy of coils. The density profiles show that a wide range of interior cavity diameter 

can be obtained by employing volume asymmetry on coils with weak chemical asymmetry.  

The asymmetry is not only induced by volume and chemical difference of surface coil 

but also coil graft configuration. Two types of coarse-grained graft disorder models were 

considered at various displaced coil fractions. Although surface coils were identical, sheet 

asymmetry arose from discrepancies in graft configurations on the two opposite-side surfaces 

and resulted in spontaneous scroll formation. An asymmetry parameter based on the relative 

free volumes of coils was introduced and shown to be linearly related with the radius of 

gyration. This demonstrates that sheet asymmetry, and consequently internal cavity diameters 
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of tubular scrolls, can be regulated by surface grafting. A co-assembly of laterally grafted rod-

coil amphiphiles was also examined as an alternative way to form sheet polymers with 

heterosurfaces. The co-assembly of conformation mismatching rod-coil molecules is expected 

to form asymmetric bilayers, as each layer is assembled independently with different degrees 

of graft disorder. It is sure that the works provides a framework for further research regarding 

morphology control by surface grafts of sheet polymers. 

 

Key words: 2-dimensional polymer, polymer morphology transformation, self-assembly, 

dissipative particle dynamics, molecular dynamics, drug delivery system, nano 

tubule internal cavity control
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국 문 요 약 

 

굵은 알갱이 시뮬레이션을 이용한 얇은 막 고분자의 표면 사슬 

비대칭성에 따른 구조 변화 메커니즘 규명 

 

 

이차 구조 고분자의 수용액 및 고체 상에서 구조 변형은 일차 

구조의 변형과는 다른 양상을 보인다. 막의 경직도 및 가로 세로의 비율의 

변화에 의해 구겨진형, 원통형, 판형 등과 같은 형태로 변형되게 된다. 

이와 같이 다양한 형태를 갖는 고분자는 각 구조에 따라 표면적, 유체 

역학적 성질, 내부 동공의 크기와 같은 물성이 달라지며 이는 곧 고분자의 

기능성으로 이어진다. 본 연구에서는 이차 구조 고분자의 표면 사슬을 

통한 변형에 초점을 맞추어 굵은 알갱이 모델을 설계하고 소산 입자 

동역학을(dissipative particle dynamics) 이용한 시뮬레이션을 수행하였다.  

먼저 친수성기와 소수성기를 갖는 AB2 Miktoarm 형태의 분자를 자가 

조립시키는 시뮬레이션을 통해 원형(sphere), 원통형(cylinder), 

이중막(bilayer), 소낭(vesicle)의 형성을 확인하고 시간에 따라 변형되는 

형태를 정량적으로 측정하였다. 주목할만한 사실은 유연한 사슬로 

이루어진 miktoarm 분자를 통해 형성되는 이중막은 표면 사슬의 부피가 

줄어듦에 따라 노출되는 소수성기의 면적의 증가와 표면장력의 감소로 

원형, 원통형의 구조로 변형된다는 것이며 반대로 친수성기의 부피를 

증가시키면 표면장력의 증가로 원형의 소낭을 형성하는 것을 확인하였다. 
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이는 실험을 통해 실시간 관찰이 어려운 현상으로 마이셀(micelle) 표면 

친수성기의 물리적, 화학적 성질이 시간에 따른 구조 변화에 어떤 영향을 

미치는지 알려준다. 

유연한 이차 구조 고분자와는 달리 경직된 소수성 막대와 친수성 

사슬을 갖는 T 자형의 양쪽성 분자로 이루어진 이차 고분자는 

비등방성(anisotropic) 성질을 갖고 있어 말린 세관(tubular scroll)으로 형태 

변화를 한다. 이와 같은 변화는 각 표면 사슬의 물리적, 화학적 

비대칭성으로 인해 발생하는 것으로 본 연구에서는 각 면에 사슬의 부피 

변화와 화학적 성질의 변화를 줌으로써 비대칭성을 유발하고 이를 

상태도(phase diagram)와 각 세관의 단면 밀도를 구하여 분석하였다. 결과를 

통해 알 수 있는 사실은 세관의 내부 동공 크기의 조절이 비대칭성의 

정도를 조절하는 것으로 가능하다는 것이며 그 정도가 커질수록 세관의 

지름은 줄어드는 현상을 확인하였다.  

이와 같은 비대칭성은 표면 사슬의 접붙임 구조에 의해서도 

유발된다. 이를 살펴보기 위해 두 가지 다른 종류의 접붙임 구조를 갖는 

모델을 설계하고 다양한 크기의 지름을 갖는 세관의 형성을 유도하였다. 

접붙임 구조를 정량적으로 분석하기 위하여 흐트러진 정도를 나타내는 

매개변수를 정의하고 이를 각 세관의 회전 반경을 구한 값과 대조해본 

결과 이 둘 사이에는 선형적인 관계가 있음을 확인하였다. 이와 같은 

이상표면(hetero surface) 구조는 막대 분자 위의 다양한 사슬 위치를 갖는 

T 자형 분자의 자가 조립 현상으로도 관찰 할 수 있을 것이라고 예측하며 
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이들 분자의 비율을 조절함으로써 세관의 지름을 조절할 수 있다는 것을 

증거한다. 이 방법을 통해 자가 조립 단위 분자의 간단한 변형을 통해 

용이하게 나노 구조체의 크기를 제어할 수 있게 될 것이며 이는 이차 

구조의 고분자를 통한 다양한 크기의 나노 세관의 형성과 그 응용에 

새로운 방법을 제공할 수 있으리라 확신한다.   

 

 

핵심 되는 말 : 이차 구조 고분자, 고분자 형태 변화, 자가 조립 고분자, 소산 입

자 동역학, 분자 동역학, 약물 전달계, 나노 튜브 내부 동공 조절 
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General Introduction 
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1.1 INTRODUCTION 

 

1.1.1 Block Copolymer Self-assembly 

 

Polymer-based self-assembled structures have been a subject of importance for modern 

material science, which aims to enable the preparation of cluster structures that are typically 

not accessible by any other top-down fabrication process.
1,2

 In bulk or at high concentrations, 

the minority block of block copolymer (BCP) is segregated from the majority block, forming 

regular-shaped and uniformly spaced nanodomains. The shape of the segregated domain is 

governed by the volume fraction of the minority block and by the incompatibility among 

blocks.
3
 In an analogy to their bulk behavior, BCPs also self-assemble in a block-selective 

solvent, which is a good (miscible) solvent for some blocks yet a poor (immiscible) solvent for 

others, forming various shapes of micelles, bilayers and vesicles.
4
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1.1.2 Tubule Formation from Sheet Polymer 

 

For many years, nano-sized tubular scrolls including carbon nanotubes have been 

studied experimentally
5-13

 and theoretically.
14-16

 In particular, size of the internal cavity is one 

of the most interesting characteristics of tubular scrolls because hollow interior enables 

medical and industrial encapsulation applications.
5-7

 For instance, while adjusting the amount 

of delivered encapsulant is a simple matter of changing the number of dispensed scrolls, some 

properties such as the encapsulant time-release profile are expected to depend intimately upon 

scroll length and internal cavity diameter.
8,17

 Internal cavity diameter also governs the particle 

mean deposition distance and, thus, regulation of hollow interior is crucial for bio-medical 

applications.
9,10,18

  

Experimentally, tubular scrolls are formed in various ways: layered materials roll up 

in solutions and films
11,12,19

 and structure-guiding templates such as coating pores
20

 or core 

elimination of a core–shell nanowire are common.
21,22

 In addition, self-assembled nano- and 

micro-tubules were reported in the presence of hydrogen bonding both in aqueous solutions
23

 

and in solid states.
24

 It has been theoretically known that the anisotropy in two-dimensional 
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(2D) sheet causes various curved phases including tubular scrolls.
14-16

 Owing to the 

development of various simulation tools, formation of curved structures from an anisotropic 

2D sheet has been recently illustrated: coarse-grained models combined with Brownian 

dynamics
24

, molecular dynamics
25

 and Monte Carlo simulation methods
15

 have reproduced 

experimentally observed scroll formation phenomena. Furthermore, novel approaches to 

control tubular scroll dimension have also been reported in which diameter of supramolecular 

tubular scrolls was successfully regulated by chemical modifications of molecular 

structures.
5,6

 Despite extensive efforts on exploring tubular scroll formation process, the 

relationship between the type of sheet anisotropy and the scroll morphology lacks and, thus, 

formation of well-defined tubular scrolls as well as control of its internal cavity still remain 

challenging. 

 

1.1.3 Surface Grafted Sheet Polymer 

 

Sheet properties are also important; for instance, the bonding constant strength of 

sheet beads, i.e., type and strength of aggregation force to form the sheet, plays an important 
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role to determine the degree of sheet bending.
15

 Therefore, relationship between degree of 

sheet bending and bond strength is needed for the cluster structure prediction and tubular 

scroll design. Motivated by the recent observation of reversible transformation of a surface 

grafted 2D polymer sheet to tubular scroll as a function of temperature,
11

 we focus on the 

influence of surface grafted coil properties on scroll formation. Alteration of surface coil 

properties of rod-coil amphiphiles is relatively simple yet effective to induce various types and 

degrees of sheet anisotropy. Therefore, the relationship between the size of the hollow 

interior and molecular/environmental properties will shed light on the manipulation of internal 

cavity through modification of grafted properties or solvent composition. Formation and 

application of nanotubules are performed often in condensed phase in which environmental 

properties affect the self-assembly process significantly. Dissipative particle dynamics (DPD) 

method is reliable and accurate in describing environmental properties, such as hydrodynamic 

effect.
26-32

 Therefore, it is appropriate to use DPD method to elucidate the scroll formation 

under the influence of the medium. 
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1.2 Simulation Methods 

 

1.2.1 Dissipative Particle Dynamics Simulation 

Coarse-grained DPD simulations are performed to investigate the self-assembly 

processes of surfactants and morphology transformation in dilute solution systems. The 

coarse-grained model replaces a group of atoms with a single coarse-grained bead so that the 

DPD computation becomes much faster than that of all-atom MD by roughly 10
4
~10

7
 times.

30
 

The fundamentals of the DPD algorithm are very similar to those of MD; however, in addition 

to the conservative force (
C

ijF ) acting between the i
th

 and j
th

 particles, the total force on a 

particle i ( iF ) includes a dissipative force (
D

ijF ) and a random force (
R

ijF ) such that
33

 

 



ji

R

ij

D

ij

C

iji FFFF                            (1)                                                   

The functional forms of the force components between the i
th

 particle at ir  with the velocity 

iv  and the j
th

 particle at 
jr  with 

jv  are expressed as
30

 

ijcijij

C

ij rrra ˆ)/1( F                              (2)                                                                

ijijijcij

D

ij rrrr ˆ)ˆ()/1( 2
vF                        (3) 

     ijijcij

R

ij rtrr ˆ)/1( 2/1 F
                      

(4)                                                             
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For ij cr r . Particles do not interact when they are farther apart than the cutoff 

distance, cr , which is set as the unit length. The distance and relative velocity between 

particles i and j are defined as jiijijr rrr 
 

and 
jiij vvv  , respectively. 

Various parameters are used to control the interaction between BCPs and the environment: 

ija  is the repulsion parameter used to determine the magnitude of the repulsion force 

between particles i and j; the dissipation strength,  , is set as 4.5; and the random                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

noise strength,  , is set as 3.0
34

 to control the temperature ( TkB ) via the fluctuation 

dissipation theorem, i.e., TkB 22  . 
ijr̂  is a unit vector in the direction of the 

displacement vector,
ijr ; t  is the propagation time step; and 

ij
 

is a Gaussian random 

number with zero mean and unit variance.
30
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2.1 Introduction 

 

In particular, the self-assembly of an amphiphilic block copolymer (a-BCP) in an 

aqueous solution has received a tremendous amount of attention over the past few decades, 

due to the versatility this offers in biological and technological applications.
35,36

 The solubility 

of each block is one of the main factors in determining the cluster structures in a solution. For 

instance, in a water-based solution, the aggregation of a-BCPs is mainly due to a hydrophobic 

effect. The hydrophobic effect is a unique organizing force that stems from repulsion by the 

solvent instead of attractive force at the site of the organization.
37

 To minimize entropically 

unfavorable contact with water molecules, the hydrophobic groups of a-BCPs tend to 

aggregate while the highly solvated hydrophilic groups avoid contact with other groups. 

Therefore, in a dilute solution, the properties of polymersomes, such as the elasticity, 

permeability, and mechanical stability, can be finely controlled through simple modification of 

the a-BCP structure and chemical properties.
38,39

 The chemical properties and volume fraction 

of the hydrophilic blocks determine both the protein adsorption and cellular adhesion and, in 

terms of drug carriers, the circulation time of a drug in vivo can be controlled by modifying 

the hydrophilic part.
40

 Moreover, the shapes of polymersomes are mainly governed by the 
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volume fraction and chemical characteristics of each part. Often observed are spherical, rod-

like, cylindrical, or thread-like micelles, disc-like or bilayer lamellae, and spherical or tubular 

vesicles.
41-47

 The structural diversities of BCP-based nanoclusters and the fact that they can be 

realized in dilute solutions of water make them potential candidates for biomedical materials, 

such as drug delivery vehicles or RNA carriers
48-50

 as well as diagnostic tool.
35,51

 

Unlike linear a-BCPs, a miktoarm star copolymer has three or more blocks, known as 

‘arms’, which are linked at one junction point, which acts as a mutual intersection for different 

domains. Depending on the arm topologies, miktoarm star copolymers are classified as 

ABn,
40,52-54

 AnBAn
55,56

 or ABC
57-60

 types. Particularly, amphiphilic AB2 type 3-miktoarm star 

copolymers have natural lipid-like architectures which have superior vesicle forming 

properties in a solution. Zhang et al.
53

 showed that drug release can be controlled by the block 

composition of amphiphilic AB2 miktoarm star copolymers with in vitro studies. Yin et al.
40

 

successfully encapsulated an anticancer drug into fabricated polymersomes and observed a 

sustained in vitro release. By incorporating polypeptides on the AB2 miktoarm star copolymer, 

Rao et al.
54

 showed that the polymers offer enhanced biocompatibility and broader 

applications of biomedicines. Based on experimental observations, a plethora of secondary 
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structures and the influence of each segment of miktoarm star copolymers have been predicted, 

providing challenges in the determination of precise structures, even when using the most 

current instrumental technologies. Hence, the computational method has become useful for 

exploring the variety of cluster structural and functional properties.  

The phase separation behavior of miktoarm star copolymer in the bulk state has been 

studied computationally by self-consistent field (SCF) theory
61

 and dissipative particle 

dynamics (DPD).
62,63

 Recently, to address the needs of diverse biological and technological 

applications in drug delivery imaging, sensing and catalysis, miktoarm star  copolymer self-

assembly in a dilute solution has come into the spotlight.
36

 Perhaps one of the most promising 

delivery vehicle structures of therapeutic agents and nanoreactors is polymersomes and 

various multi-compartment micelles which can only form in dilute solution phases.
35,64

 In 

terms of delivery vehicles, investigations of bulk-phase BCP assemblies have limited 

implications because regular-sized nanoparticles cannot be formed in bulk. Nevertheless, only 

a few computational studies of the self-assembly of miktoarm star copolymer in a solution 

state exist.
64-68

 Xia et al.
65

 and Chou et al.
67

 performed DPD simulations of self-assembled 

ABC star triBCP in water solutions and found hamburger micelles, segmented worms, and Y-
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junctions. Monte Carlo simulations were also employed and novel structures were obtained, 

including wormlike pearl-necklace micelles,
66

 helices or stacked donuts,
64

 bead-on-string 

worms, raspberries, hamburger segmented worm-like structures, and toroidal segmented 

micelles.
68

 

In this chapter, the influence of chemical changes, i.e., hydrophilic block-solvent 

interactions and block compositions, on the self-assembled structure of AB2-type amphiphilic 

miktoarm star copolymer in dilute solutions is explored through DPD simulations with coarse-

grained models. The recently developed DPD method allows a wide range of length and time-

scale computations of mesoscale micellar solutions with explicit solvents. Over the past 

decade, it has been successfully shown that the DPD method reproduces and predicts the 

accurate dynamics of self-assembly processes, allowing the use of the polymer self-assembly 

unravel mechanism under various conditions.
27,69-73

 The DPD method simulates soft spherical 

beads that interact via a simple repulsive potential. Particular functional forms of frictional 

and random forces in the DPD algorithm ensure that all forces obey the action-equals-reaction 

mechanism; thus, the system conserves momentum. Therefore, the DPD method recovers 
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correct solvent dynamics behavior for long lengths and long-term scales up to the microsecond 

region.
30,74-77

 

This chapter is organized as follows: A brief description of the coarse-grained model 

is presented in Section 2. In Section 3, various compositions of amphiphilic blocks and 

polymer-solvent repulsion strengths are simulated and the phase diagram is presented. Cluster 

structures and kinetics, the principle radii of gyration, the block end-to-end distance, and the 

density profiles are also presented. Concluding remarks appear in Section 4. 

 

 

2.2 Models 

 

In this work, we modeled the AB2 miktoarm star copolymer to a simple coarse-

grained model: an amphiphilic miktoarm star copolymer with a single arm of hydrophilic 

group A and two arms of hydrophobic group B as depicted in Scheme 2.1. In order to explore 

the influence of molecular composition, we consider four models whose total number of 

coarse-grained beads (
totN ) are 11, 13, 16, and 19, respectively. While all models have eight 

B-type beads ( 8BN  ), the number of A-type beads ( AN ) is varied so that corresponding 
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volume fraction of the hydrophilic part, /A A totf N N , is 0.27 ( 3AN  ), 0.38 ( 5AN  ), 

0.50 ( 8AN  ), and 0.58 ( 11AN  ), respectively. Note that each coarse-grained bead is 

assumed to have the same volume regardless of the type. Each of the bonded i
th

 and j
th

 beads 

are connected by a harmonic spring ijcijeq

S

ij rrrrk ˆ)/( F  with a force constant of 

25k  and an equilibrium distance 0.1eqr .
78

 We ignore the pair conservative force 

between adjacent bonded beads so that the average bead-bead distance is well maintained as 

0.86 during simulations. No angle constraint was applied so that all chains could have 

completely flexible motion during the simulations. 
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Scheme 2.1. Schematic illustration of coarse-grained models of AB2 miktoarm star 

copolymers considered in this work. 
Af  is the volume fraction of the A group of each model. 

 

 

 

Interactions between any two beads in the solution are described by the following 

repulsion parameters: Tkaaa BSSBBAA 25 , Tka BAB 40  Tka BBS 75 , and 

19 43B AS Bk T a k T  . The letters A, B, and S represent the A group, B group, and solvent 

beads, respectively. The subscripts AA, BB and SS represent a homogeneous interaction 

between the same types of beads, while AB, AS, and BS, respectively represent the 

heterogeneous interactions of A bead-B bead, A bead-solvent bead, and B bead-solvent. The 

27.0Af 38.0 50.0 58.0

A

B
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repulsion parameters are chosen arbitrarily to introduce the general amphiphilic nature of the 

miktoarm star copolymer.
62,65,74,79,80

 In particular, Kong et al. reproduced the behaviors of 

single-chain polymers in good, theta, and poor solvents, showing good agreement with 

accepted theory.
81

 They showed that changing the repulsive parameters between the solvent 

beads and specific polymer blocks can effectively mimic various solvent conditions. Therefore, 

by employing a range of values for 19 43B AS Bk T a k T  , we explore how the cluster 

structure depends on the hydrophilicity of the head group of AB2 star copolymers. According 

to the well-known relationship between the DPD repulsion parameter 
ija  and the Flory-

Huggins interaction parameter 
ij 34

, each pair repulsion parameter can also be represented as

0 SSBBAA  , 29.4AB  , 30.14BS , and
 

14.577.1  AS . 

The DPD method assumes that the same types of beads are totally miscible with each other. 

Hence, the   value is set to 0. Because beadAS N  is affected by the number of beads in the 

A group, the miscibility of the A group varied from the weak-segregation limit (WSL;

10N ) to the intermediate segregation region (ISR; 5010  N ). As B groups are 

modeled with 29.14BS  and 8beadN , they are under the  strong segregation limit 
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(SSL; N50 ). The miscibility between various A groups and the B group is fixed as 

29.4AB  for all of the simulations presented.  

I performed simulations on ensembles of initial states to prevent the structure from 

becoming captured in local minima. All simulations started with randomly distributed coarse-

grained molecules in a cubic box filled with explicit solvent beads. The temperature, TkB , 

was set to 1.0 and the time step, t , was 0.05 . The total number of DPD beads was 

768,000 (i.e., the number density, 0.3 ), and 8,000 coarse-grained miktoarm star 

copolymer molecules are used. While the number density of the miktoarm star copolymer was 

maintained, the volume density varied from 0.11 to 0.20 depending on the specific model. All 

simulations were carried out using the DPD code in the LAMMPS package
82

, and VMD
83

 was 

used for the visualizations. All simulations were performed in a three-dimensional cubic box, 

and a periodic boundary condition was applied in all three directions. To avoid a finite size 

effect from the periodic boundary condition and to mimic a dilute solution system, a large 

simulation box of 
3)496.63( cbox rV   was used. From a practical standpoint, the desired 

size of a drug carrier polymer cluster is typically nm200~20  in diameter, as these 

nanoclusters accumulate passively in solid tumors due to the enhanced permeability and 
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retention (EPR) effect.
84

 To provide information relevant to the size and distribution of 

polymer clusters, a simulation system of a size of at least 
3)20( nm  is needed when three 

water molecules are regarded as one DPD bead.
26

 Correspondingly, the simulation box used in 

this work is equivalent to  3039.41 nm . 

 

2.3 Results and Discussion 

 

In this section, we discuss how the solvent selectivity and composition of the AB2 

miktoarm star copolymer molecule affect the formation of the cluster. We describe a variety of 

amphiphilic molecular characteristics by varying the volume fraction of the existing groups. 

Solvent selectivity is studied in terms of the A group-solvent interaction parameter 
ASa . 

Different magnitudes of 
ASa

 
mimic various types of hydrophilic segments. In this work, 

Tka BBS 75 , Tkaaa BSSBBAA 25 , and 19 43B AS Bk T a k T   are chosen so 

that the A group would be relatively hydrophilic compared to the B group: Tka BAS 25
 

represents a strongly hydrophilic A segment (highly miscible with solvent), while 

Tka BAS 25
 

represents a hydrophobic A segment (immiscible with solvent). In the 

presence of strong hydrophilic segments, polymer chains readily expand in order to maximize 
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their polymer-solvent contact area. In contrast, with less hydrophilic segments, polymer chains 

shrink to stay close to each other, thus minimizing unstable polymer-solvent contact 

interactions.  

For amphiphilic BCPs, research has shown that there are three contributions which 

determine aggregate morphologies: core-chain (hydrophobic B chain) stretching, corona-chain 

(hydrophilic A chain) repulsion, and interfacial tension between the core and the outside 

solution.
85

 The core-chain stretching and the corona-chain repulsion are determined by the 

repulsion parameters among the same types of beads, 
AAa  and 

BBa  and the composition of 

the amphiphilic groups affects their relative contribution. The interfacial tension, however, is 

modulated by the repulsion parameters between the polymer and the solvent beads, i.e., ASa  

and BSa . Therefore, by varying ASa  and 
Af , the effects of the  chemical properties and 

volume fraction of the hydrophilic segment on the aggregate morphologies and kinetics are 

explored.  
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Figure 2.1 Phase diagram of self-assembled cluster of AB2 miktoarm star 

copolymer with respect to composition volume fraction (
Af ) and A group-

solvent repulsion ( ASa ).  

 

 

 

Figure 2.1 shows a phase diagram of an AB2 miktoarm star copolymer, where the 

volume fraction of the A group ranges from 0.27 0.58Af  and where the A group-

solvent repulsion parameter varies as 19 43B AS Bk T a k T  . We divide the hydrophilicity 

of the A group into two regions to analyze the influence of 
Af . These are the hydrophilic 

0.1
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( 25AS Ba k T ) and hydrophobic ( 25AS Ba k T ) regions. For the strongly hydrophilic 

region, increasing 
Af  gives the A group a more hydrophilic characteristic, leading to 

relatively less interfacial tension. Therefore, for a given value of ASa , the size of the clusters 

is reduced in the direction of the increased value of 
Af ; from a bilayer or vesicle to 

cylindrical or spherical micelles.
86

 On the other hand, in the hydrophobic region, owing to 

repulsive solvent-A group interaction, the interfacial tension increases with both 
ASa  and 

Af . All of the clusters have a spherical exterior at all volume fractions. In particular, when 

30AS Ba k T , multi-layered micelles are formed. The formation of such a multi-layered 

micelle is similar to the formation of the lamella phase in bulk.
87

 According to phase diagram 

of the AB2 miktoarm star copolymer in bulk,
62

 5.0Af  
and 3.0Af  would yield the 

lamella and cylindrical phase, respectively. The presence of a poor solvent prevents the 

formation of large flat lamellae, thus resulting in an onion-like multi-layered structure.
87

 

Nevertheless, a similar phase transition is observed inside the spherical micelles; the polymers 

in the core self-organize into the lamella or cylindrical phase. Previous experimental works 

also reported similar morphologies after linear BCP self-assembly in a spherically confined 
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condition
88,89

 and in dilute solutions.
87,90

 Regarding the linear BCP case, the interior 

morphology of miktoarm star copolymer aggregates is governed by the volume fraction 
Af . 

Here, the volume fraction influences the vesicle forming condition. With the 

27.0Af  and 38.0Af  models, we observed vesicles in the range of 

TkaTk BASB 2517   and 23 27B AS Bk T a k T  , respectively, which are relatively 

wide solvent interaction ranges compared to cases with 0.38Af  . This indicates that 

molecules with short hydrophilic segments have a superior vesicle forming property
86

 further 

implying that there are variety of options when choosing the hydrophilic part when 

synthesizing a vesicle forming BCPs. This enables the modification of the polymersome 

surface. Because the nano-sized polymersomes have high surface-to-volume ratios when 

compared with larger particles, as a drug carrier, control of their surface properties is a vital 

factor when transporting drugs to a specific location of the human body.
35

 In addition, we 

found that, even with the same values of BBa  and BSa , linear BCPs require higher ASa  

values to form vesicles compared to AB2 miktoarm star copolymers. With its greater lateral 

crowding from its Y-shape architecture, the AB2 miktoarm star copolymer cluster has less 

curvature, giving it a tendency to form vesicles without strong repulsion from the solvent.
40
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Regarding linear BCPs, with the increasing of the repulsion, i.e., with an increase in the 

hydrophobicity of the A group, interfacial tension increases so that the cluster tends to 

maintain a layer form, resulting in vesicles.  
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Figure 2.2 (a) Average end-to-end distance of A group (
Ad ) and (b) relative contraction and 

expansion ratio, 
REF

AA dd / , as a function of A group-solvent repulsion ( ASa ). A group 

volume fraction is classified by different colors. 
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From the phase diagram shown in Figure 2.1, variation of the hydrophilic segment 

caused morphology changes. To obtain a quantitative sense of the overall hydrophilic group 

effect, we show the average end-to-end distances of the A group and their relative contraction 

and expansion ratios. The average end-to-end distance of the A group is evaluated as
91

 

    
 




PN

i

AiAi

P

A
N

d
1

][][

1
 rr                        (5)                                                          

where 
pN  is the total number of miktoarm star copolymer molecules in the system. [ ]i Ar  

and [ ]i Ar , respectively, are the coordinates of the first and the last bead of the A group in the 

i
th

 molecule. The interaction between the beads determines the effective volume of the 

polymer segment. Because 
BSa , 

ABa , and 
BBa  are fixed in this work, the effective volume 

of the B group is invariant throughout the 
ASa  range. Figure 2.2 presents the relative 

contraction and expansion of the A group in terms of the ratio REF

AA dd / . Ad

 

decreases 

under all volume fractions with an increase of 
ASa . Clearly, the effective volume of the A 

group decreases owing to A group-solvent repulsion. Considering the fact that the A group 

and the solvent beads are mixed with same portion when 25AS Ba k T , 

 Tkadd BASA

REF

A 25  was chosen to serve as the reference (the theta solvent 

condition for A group). Note the steep slope as an indication of the change in the type of 
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interaction the between hydrophilic segment and the solvent. For the strongly hydrophilic 

region, the longer the chain length the greater the expansion, whereas for the hydrophobic 

region, the polymer and solvent contact area already reach the minimum value, thus allowing 

no additional noticeable growth of the cluster size. In other words, the surface area is 

maintained. Thus, Ad
 

remains essentially constant. As a result, the A groups take a wider 

range of the effective volume for larger values of 
Af . Thus, more diverse morphologies 

appear with large values of 
Af . In Figure 2.1, five types of shapes are formed when 

0.5Af  : spherical micelles, cylindrical micelles, disc-like micelles, vesicles, and multi-

layered structures. On the other hand, only three different shapes (bilayers, vesicles, and 

spherical micelles with a cylindrical interior) are observed when 0.27Af  . As a drug 

carrier, it is well known that the size, surface properties, and the shape of the nanoparticle 

determine the behavior of the carrier in the body, such as the biodistribution, cell-uptake, and 

intra-cellular trafficking characteristics.
92-95

 For instance, while a rod-like shape is better for 

internalization rates, under fluid flow conditions, spheres and short filomicelles are readily 

taken up by cells more compare to longer filaments, as the latter are extended by the flow.
92
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Considering the evolution of the cluster shape and size distribution via an 

examination of the effect of the hydrophilicity of the A group on the cluster structures at a 

constant volume fraction, according to critical packing theory, the cluster shape of amphiphilic 

molecules can be estimated by the dimensionless critical packing parameter (CPP), via 

0 cCPP v a l , where 
0a  is the optimal area of the hydrophilic chain and v  and cl , 

respectively, are the volume and the critical length of the hydrophobic chains.
96

 Depending on 

CPP, amphiphilic molecules form spherical micelles (CPP < 1/3), non-spherical micelles (1/3 

< CPP < 1/2), vesicles or bilayers (1/2 < CPP < 1), or inverted micelle structures (CPP > 1). 

In our model, v  and cl  are constant because the bead number of the hydrophobic B group is 

invariant for all simulations. Thus, 0a  is the only factor that determines the cluster shape 

and is proportional to the average end-to-end distance of the A group, Ad . In Figure 2.2, as 

the solvent-A group repulsion increases, the average Ad
 

decreases, resulting in a smaller 

value of 0a  and a larger CPP. Therefore, the cluster morphology changes from spherical 

micelles, non-spherical micelles, and bilayer fragments (disc-like micelles) to vesicles.
 



- 28 - 
 

 Quantitatively, details of the morphologies and growth process of the clusters were 

also investigated via the radius of gyration tensor. For a given cluster, the radius of gyration 

tensor elements are
97

 

  








BNM

i

cmicmi

BNM
R

1

2 1
                (6)                                                    

where BN
 

represents the number of beads in the B group of a molecule and M  denotes 

the total number of miktoarm star copolymer molecules in the cluster. i  and i  denote 

the x , y , and z  coordinates of the i
th

 bead within the cluster, while cm  and cm
 

are 

the x , y , and z  coordinates of the center of mass of the cluster. Three principle radii of 

gyrations, 
1R , 

2R , and 
3R , which are the eigenvalues of Eq. (6), provide an intuitive 

picture of the cluster shape. 
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Figure 2.3 Three principle radii of gyration ( R ) of selected representative micelles (shown 

in red, A group beads are omitted for clarity) with respect to number of molecules in the 

cluster (M) at Tka BAS 19 [(a) and (b)],  Tka BAS 22  [(c) and (d)], and 

Tka BAS 25   [(e) and (f)]. The left column is at 500t  and the right column is at 

000,15t . Corresponding simulation boxes are shown as the insets. 
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Figure 2.3 shows time-evolution of principle radii of gyration and the growth process 

of the clusters. Although most of the molecules are not in micelle forms at 500 , as shown 

in Figure 2.3(a), some rod-like micelles under 10 cr  in length with 40M  can be 

observed. As time passes, in Figure 2.3(b) larger micelles up to 50~M  form; these are 

expected to grow even larger with time. For micelles with 20M , the principle radii, 
2R  

and 
3R

 
are nearly constant at cr2.1~0.1 , unlike 

1R , which increases with the micelle 

size. Hence, for hydrophilic A groups, this indicates that the micelles of AB2 miktoarm star 

copolymer molecules grow in one direction and form a rod-like shape rather than a spherical 

shape. As the size of the micelles increases, 
1R  shows a more rapid increase than 

2R  and 

3R , as demonstrated in Figure 2.3(b). For a given simulation time, 000,15
 

in this case, the 

longest micelle is approximately cr28.15
 

in length, spanning approximately 20 molecules. 

In figure 2.3(c) and (d) increasing the hydrophobicity of the A group results in thread-like 

micelles. In figure 2.3(d), the length of the largest cluster is more than cr3.32  with 

174M ; it is much larger than that in Figure 2.3(b). The clusters in figure 2.3(b) and (d) 

have almost the same values of 
2

~
R  and 3

~
R , thus showing an identical growth mechanism. 

A slight increase of ASa  insignificantly influences the diameter of the rod-like and thread-
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like micelles. Nevertheless, as 
ASa

 
increases, the effective volume of the A group becomes 

smaller, allowing rapid aggregation of small micelles into longer micelles so as to prevent the 

exposure of strong hydrophobic B groups to the solvent. In Figs. 2.3(e) and (f), for the case in 

which Tka BAS 25 , the A group-solvent repulsion is identical to that in other 

interactions between the same beads. As shown in Figure 2.3(e), long thread-like micelles 

with over 300 molecules form quite rapidly ( 1 2 3R R R  ). Later, as shown in Figure 

2.3(f), however, a phase transition occurs from thread-like micelles to bilayer fragments 

( 1 2 3R R R  ), indicating that the formation of bilayers starts from thread-like micelles 

at an early stage. Although the initial clusters grow in one direction, the low effective volume 

of the A groups allows a further reduction in the surface energy due to the two-dimensional 

growth. In addition, the thicknesses of the thread-like micelles and the bilayers are nearly 

identical. The growth mechanisms of a cylinder (Figure 2.3(d), Tka BAS 22 ) and a 

bilayer fragment (Figure 2.3(f) , Tka BAS 25 ) are illustrated in Figs. 2.4(a) and (b), 

respectively. Variations of the principle radii of gyration of AB2 miktoarm star copolymers 

with time are presented during the cluster formations. 
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Figure 2.4 Time evolution of three principle radii of gyration ( R ) and corresponding 

clusters at each time point (shown in red, A group and solvent beads are omitted for clarity). 

Growth process is illustrated for (a) a cylindrical micelle ( 22AS Ba k T ) and (b) a disc-like 

bilayer fragment ( 25AS Ba k T ). 
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Vesicles begin to form at Tka BAS 28 . In most previous publications, vesicle 

formation has been observed from a pre-made bilayer structure. Typically it is limited in small 

systems.
78

 For all of the simulations presented in this work, we intentionally used a large 

simulation box for two reasons: (1) to avoid a finite size effect from the periodic boundary 

condition and (2) to observe spontaneous bilayer-vesicle transitions from a random initial 

configuration. By employing large systems, we successfully obtained a fairly large set of self-

assembled vesicles with various sizes, from which a critical limit of bilayer dimension for the 

bilayer-vesicle transition was estimated. The critical limit of the bilayer dimension was 

defined as the number of polymer molecules in the smallest bilayer fragment which undergoes 

a spontaneous bilayer-vesicle transition. To obtain statistically supported data, we performed a 

DPD simulation with five different random initial configurations of polymers. The simulation 

results showed curvature formation in at least 1,480 molecules.  
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Table 2.1 Vesicle formation process in case of Tka BAS 28 . M is the number of 

molecules consist of corresponding cluster and 
1

~
R , 

2

~
R ,and 3

~
R  are the principle radii of 

gyration tensor in DPD cutoff distance unit, 
cr . 

 

 

To examine the aggregation and vesicle formation kinetics, we assessed the bilayer-

to-vesicle forming process of the largest clusters: Table 2.1 compares the three principle radii 

of gyration as well as the aggregation number of molecules over time. Starting from 500  

and proceeding up to 750,1 , two-dimensional growth occurs. Spontaneous curvature arises 

t 500  1,750  2,500  3,000  3,500  

 

   
  

M 6,712 19,992 23,384 23,384 23,464 

1R

 
9.3822 12.6126 11.6126 8.9802 7.7458 

2R

 
4.1864 9.6460 10.5077 8.2832 7.7014 

3R

 
2.4573 2.4013 4.4282 6.7331 7.6205 
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after 750,1 . Finally, near 500,3 , a cluster with 464,23M  molecules is 

transformed into a vesicle structure driven by entropy to reduce the unwanted solvent-cluster 

contact around the rim of the bilayer.
98

 Here, the vesicle formation kinetics differs in terms of 

the vesicle size and initial condition. 

 

 

 

 

 

 

 

Figure 2.5 Density profile of micelles (A group (blue) and B group (red) are shown. Solvent 

beads are omitted for clarity) within the indicated box ( 8 8 42    ) at (a) 

28AS Ba k T  and 50.0Af , (b) 37AS Ba k T and 50.0Af , and (c) 

40AS Ba k T and 28.0Af . x-axis represents the relative coordinate from the center of 

the mass of the micelle along the long-dimension of the box. 
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Two types of multi-layered structures are observed as well as vesicles. Probability 

distributions of each bead in the clipping plane of the three structures are presented in Figure 

2.5. It is apparent in Figure 2.5(a) that solvent beads are encapsulated by the vesicle. Once a 

vesicle is formed from a bilayer, the amphiphilic bilayer membrane provides a strong and 

stable wall. Therefore, solvent beads become trapped inside the vesicle and cannot easily 

escape from the cavity through the hydrophobic layer, as shown in Fig 2.5(a), while the 

density distribution profile in Figs. 2.5(b) and (c) shows a few solvent beads in the core and 

the alternation of the layers of the A and B groups. In Figure 2.5(b), the diameter of the onion-

like multi-layered micelle is approximately 40 cr , and the thickness of each layer is about 

5 cr  regardless of the group type. Experimentally, onion-like multi-layered structures are 

usually obtained with a silica spherical template
99,100

 or by aerosol-assisted self-assembly
101

 

and a solvent evaporation method.
89,102

 In theoretical research that used MC simulations, 

multi-layered onion-like structures were obtained with linear BCPs by providing a spherical 

wall that has strongly preferential to one of the blocks.
103

 As far as the authors are aware, this 

work reports an onion-like multi-layered structure from the AB2 miktoarm star copolymer in a 

dilute solution system for the first time. Multi-layered structures were fabricated in the 
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absence of physical hard-wall containers, as the poor solvents for the hydrophilic A group 

ensured effective spherical confinement. As reported for the linear BCP case,
88

 by reducing 

the volume fraction of the A group, we obtained a cylindrical interior of the A group with the 

AB2 miktoarm star copolymer.  The cylindrical interior is clearly different from a lamellae 

interior. The density distribution depicted in Figure 2.5(c) shows that the A and B beads 

coexist. 
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Figure 2.6 Formation process of multi-layered micelles at Tka BAS 37 . Solvent beads are 

omitted for clarity. Note the formation of small micelles followed by large cluster formation 

through aggregation and phase separation inside the clusters. 

 

 

Figure 2.6 presents the formation process of multi-layered micelles in the 

Tka BAS 37  case. First, small micelles are formed, which then aggregate into larger 

micelles to reduce the unstable contact between the B group and the solvent. From 8,000  

to 12,000 , due to the immiscibility of the A and B groups, self-organization occurs inside 

the aggregated structure until a well-ordered interior is formed. Onion-like multi-layer 

0 250 2,000 5,250

8,000 10,250 12,000 14,250
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structures have received attention due to their potential applications as microreactors
103

 and 

carriers for controlled-release systems.
104

 In terms of controlled drug release, manipulation of 

the number of layers and their properties allows control of the release time of embedded drug 

molecules, implying that they can be released by changing a specific environmental condition, 

such as the pH or ionic strength.
105-107

 In a study of linear amphiphilic copolymers, it was 

shown that the growth rate can be controlled by altering solvent composition.
90

 The current 

work does not concern control of the cluster size, i.e., the number of layers of the onion-like 

multi-layered micelles. However, we anticipate that kinetic control combined with the growth 

rate manipulation may offer a way to alter the number of layers of the clusters. 

 

2.4 Conclusion 

 

Self-assembly of amphiphilic AB2 miktoarm star copolymers with various hydrophilic 

groups was explored using the DPD method with a coarse-grained model. In the phase 

diagram, depending on the A group-solvent repulsion strength, the shape of the secondary 

structure changed from spherical and cylindrical micelles to vesicles and eventually to multi-

layered or cylindrical interior micelles. The effect of the volume fraction of the hydrophilic 



- 41 - 
 

part on the cluster shape was also investigated. We found that as the volume fraction decreases, 

the vesicle-forming region became broader. Previously, multi-layered micelles were obtained 

through simulations only by introducing hard-wall containers. In this work, we report the 

formation a multi-layered micelle in a dilute solution system in the absence of a spherical wall. 

Balanced repulsion between the polymer and the solvent provides an effective confined 

environment in which the transition from a vesicle to a multi-layered micelle occurs. Density 

distributions in the clipping planes of the vesicles, multi-layered micelles and spherical 

micelles with a cylindrical interior confirm that while the vesicle is filled with solvent 

molecules, the others consist of alternating A and B group layers without solvent. The cluster 

formation mechanism was also discussed in terms of the vesicles and multi-layered micelles. 

The molecular characteristics of potential drug carrier candidates were also discussed, 

specifically the requirement of superior and versatile vesicle forming properties. 
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CHAPTER 3 

 

 

 

Asymmetric Coil Grafted 2-Dimensional Sheet Polymer 

Transformation   
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3.1 INTRODUCTION 

 

Here the main factors that govern morphology of scrolls are explored and a 

systematic way to control its internal cavity and kinetics of scroll formation are proposed. 

Sheet properties are also important; for instance, the bonding constant strength of sheet beads, 

i.e., type and strength of aggregation force to form the sheet, plays an important role to 

determine the degree of sheet bending.
15

 Therefore, relationship between degree of sheet 

bending and bond strength is needed for the cluster structure prediction and tubular scroll 

design. Motivated by the recent observation of reversible transformation of a surface grafted 

2D polymer sheet to tubular scroll as a function of temperature,
11

 we focus on the influence of 

grafted coil properties on scroll formation. Alteration of grafted coil properties of rod-coil 

amphiphiles is relatively simple yet effective to induce various types and degrees of sheet 

anisotropy. Therefore, we seek the relationship between the size of the hollow interior and 

molecular/environmental properties to shed light on the manipulation of internal cavity 

through modification of grafted properties or solvent composition. Formation and application 

of nanotubules are performed often in condensed phase in which environmental properties 

affect the self-assembly process significantly. Dissipative particle dynamics (DPD) method is 
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reliable and accurate in describing environmental properties, such as hydrodynamic effect.
26-32

 

Therefore, it is appropriate to use DPD method to elucidate the scroll formation under the 

influence of the medium.  

 This chapter is organized as follows: A brief description of DPD simulations and the 

coarse-grained model is presented in Section 2. In Section 3, transformation of a surface 

grafted polymer sheet is explored with respect to anisotropy imposed on the sheet. Concluding 

remarks appear in Section 4. 

 

3.2 Models 

 

Recent studies showed that laterally grafted rod-coil molecules produce various 

secondary cluster structures including columnar, lamellar, and tubular scroll phases.
11,24

 This 

work considers self-assembly of laterally grafted rod amphiphiles consisting of double grafted 

coils that are attached opposite to each other at the midpoint of the rod, as depicted in Scheme 

3.1(a). This kind of molecules are found to form a flat 2D sheet and to undergo transformation 

to a scroll as a function of temperature.
11

 Therefore a well-ordered 2D sheet was constructed 
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as drawn in Scheme 3.1(b) as the initial structure for simulations and altered grafted coil 

properties to gain insights on the role of grafted coils on scroll transformation. 

 

Scheme 3.1 (a) Coarse-grained model of a laterally grafted rod-coil molecule and (b) top view 

of the initial structure of surface grafted 2D polymer sheet model. Red beads in (b) denote coil 

grafted position. Assuming that upper and lower side grafted coils are attached to the same rod 

bead. Dotted line connecting beads denote inter-rod interaction by harmonic springs, while 

double solid lines denote intra-rod harmonic bonding with angle constraint. 

 

The coils are attached to the sheet in every seven rod beads to place adjacent coils as 

far as possible to ensure free volume to prevent overcrowding of grafted coils. In Scheme 
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3.1(a), the grafted coils on one side are called A-coils (symbol A, red bead) and those on the 

other side are called B-coils (symbol B, blue beads) while R and S denote, respectively, a 

sheet formed by rod beads (yellow beads) and solvent beads throughout the article.  

All sheet beads and coil beads within a single chain are bonded with harmonic 

springs: each of the bonded i
th

 and j
th

 beads are connected by ˆ( / )S

ij ij c ijk r r r r F  with a 

force constant of k  and an equilibrium distance r  corresponding to bead types. By 

assigning one bead per phenyl group, it is reasonable to assume interintra rr   since the 

diameter of a benzene (~3 Å  ) is close to the known    stacking distance (3~4 Å ). 

Phenyl groups of the rod are covalently bonded while molecular aggregation is driven by 

   stacking. In order to describe different types of chemical bonding and/or interaction, 

inter-rod interaction was modeled to be weaker than intra-rod interaction. Although sheet 

beads are bound at short equilibrium distances, the weak inter-rod force constant along with a 

soft repulsive DPD potential allows sheet beads to be easily displaced and extended from their 

equilibrium distance. In order to model the rigidity of the rod, harmonic angle constraint is 

also applied in parallel to rod direction along the short-side of the sheet:
25

 as schematically 

drawn in Scheme 3.1(b), intra-rod beads have angle constraints as well as harmonic bond 
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springs. The rigidity of the rod is represented by )(   ang

A

ij kf  with an equilibrium 

angle  . On the contrary, inter-rod bead interaction is defined only by harmonic springs.  

 

Table 3.1 DPD potential parameters: repulsion parameter, a , force constant, k , 

equilibrium bond distance and angle, r , and  . In subscripts, A, B, R, and S represent, 

respectively, A-coil, B-coil, sheet, and solvent beads, intra (inter) denotes intra-rod (inter-rod) 

interaction, and ang denotes angular constraint. a  is in 
Bk T  unit.  

Grafted Coil Sheet 

a  

, , ,A B R S 

 

ASa

 
BSa

 
ABa

 
coilk

 

coilr

 

Ra 
 

, ,A B S 

 

intrak

 

interk

 

intrar

 

interr

 

angk

 

ang

[o]
 

25 
25~2

8 25 20 25 0.5 30 100 50 0.5 0.5 40 180 

 

The aspect ratio of the 2D sheet was chosen to be 2:7. A surface grafted 2D polymer 

sheet is placed inside a simulation box which is filled with single bead solvent molecules. The 

DPD potential parameters used for the models are listed in Table 3.1. Three initial structures 

were simulated under each condition. The total number of beads in the simulation box is 

675,000 (number density of the system, 3  ) including solvent beads. All simulations were 
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performed with the LAMMPS package
108

 with the time step, 02.0t  and temperature is 

maintained at 0.3 in DPD reduced units.
30

 VMD was used for visualization.
83

  

 

 

3.3 Results and Discussion 

 

 

It has long been predicted that 2D anisotropic sheets with a long-range orientational 

order form a scroll phase.
14-16

 Existence of angular constraint along the rod axis in Scheme 

3.1(b) leads to the formation of in-plane anisotropic sheets. Thus, the 2D sheet collapses to 

crumpled cylinder along the rod orientation axis as shown in Figure 3.1(a). On the other hand, 

by attaching surface grafteds onto the identical polymer sheet, strikingly different curved 

structures resulted as in Figure 3.1(b). In order to explore the role of surface grafteds as well 

as the influence of the type and degree of surface anisotropy, implementing broken grafted 

symmetry in two aspects were carried out: volume and chemical asymmetry. The volume 

asymmetry arises when coils on one side have different number of beads from those on the 

other side, while the chemical asymmetry refers to coil‒solvent affinity difference.  
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Figure 3.1 (a) Crumpled cylinder phase formed from a 2D polymer sheet and (b) curved sheet 

and scroll phase from a surface grafted 2D polymer sheet. For comparison, the same polymer 

sheet model was used for (a) and (b). 

 

 

 

The phase diagram in Figure 3.2 shows formation of curved sheets, tubular and filled 

scrolls as a function of grafted coil volume ratio, V , and A-coilsolvent repulsion strength, 

ASa . Because we assumed an equal volume for a bead regardless of the type, the grafted coil 

volume ratio equals to the bead number ratio, i.e., BAV NN /  where the A(B)-coil 

consists of NA (NB) beads. The volume asymmetry is applied with 71  AN  while 

maintaining 7BN :  V  ranges from 0.13 (severe volume asymmetry, 1‒7[ 1AN   and 

(a)

(b)
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7BN  ] models) to 1.0 (no volume asymmetry, 7‒7 models). On the contrary, for the 

chemical asymmetry, A-coilsolvent interaction is altered from theta to bad solvent interaction 

( 25 27.5B AS Bk T a k T  ) while B-coil remains to be at its theta solvent condition 

( Tka BBS 25 ). Snapshots taken at 
6106  steps of the simulation appear in Figure 3.2. 

Since the 2D sheet model is identical for all simulations, various morphologies of scroll 

structure arise due to asymmetric properties of surface grafteds which are grafted on upper and 

lower side of the sheet. Note that, DPD potential provided repulsive interactions between 

beads so that curve formation was driven purely by the anisotropy of the surface grafted sheet 

without artificial pulling or attraction between coil beads. In Ref. 
24

, rod amphiphiles are 

laterally grafted with double grafted coils that are mainly composed of ether moieties. 

Molecular interaction between non-bonded ethers from a chain and that from separate chains 

are modeled indistinguishable. For the sake of computational efficiency, relatively less 

repulsive force was applied for heterogeneous coil interactions. The magnitude of ABa  has 

no noticeable influence on the results presented here since A- and B-coils interact with each 

other when the two opposite ends of the polymer sheet are already close to form scrolls. 
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Figure 3.2 Phase diagram of surface grafted 2D polymer sheet. Instead of the full picture, 

cross-sections of curved structures are shown to demonstrate local curvature and to emphasize 

the presence of the internal cavity. BAV NN /  represents the volume asymmetry 

between A-coil (upper) and B-coil (lower) beads and ASa  describes the solvent affinity of A-

coils. While B-coil consists of seven beads ( 7AN  ) for all models, the number of beads in 

A-coil, 
AN , varies from 1 to 7. Cross-sections are drawn to their relative sizes except for the 

fluctuating 2D sheet and the curved sheet, which are shrunken to fit. 
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Structures on the far left of Figure 3.2 represent the influence of grafted coil volume 

symmetry. We assumed that all coils consist of a single type of chemical species by setting 

solvent-coil interaction to be equivalent as 25AS BS Ba a k T  . Only the number of coil 

beads in a chain is different depending on the coil type. Curvature of the grafted sheet depends 

on the degree of volume symmetry: The 7‒7 model ( 0.1V ) shows only thermal 

fluctuation for the entire simulation time and the 5‒7 model ( 71.0V ) forms a slightly 

curved sheet. As the degree of volume symmetry decreases, sheet curvature becomes larger 

and eventually tubular scrolls were formed for the 3‒7 ( 43.0V ) and 1‒7 ( 14.0V ) 

models. Since the two short ends should make contact to form a scroll, formation of tubular 

scrolls is also relevant to the sheet aspect ratio. Note that sheet models with a 2:7 aspect ratio 

were used for this work. With the use of a longer sheet, the curved sheet in Figure 3.2 may 

become a tubular scroll with a large internal cavity. 

Structures at the top of Figure 3.2 illustrates the influence of chemical symmetry on 

7‒7 models. In the presence of even a weak coil‒solvent affinity difference between upper and 

lower surface grafteds, a fluctuating sheet rolls into a tubular scroll. Due to hydrophobicity, A-

coils repel solvent beads and aggregate among themselves which, in turn, leads to curved 
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structures. Hydrophobic A-coils prefer closing the hollow interior to avoid unstable solvent 

contact. Even so, there is apparently a large internal cavity in the center of tubular scrolls of 

Tka BAS 5.25  and TkB26  models owing to entropic repulsion between A-coil beads.  

Overall, the lower the degree of grafted coil symmetry, the higher the local curvature 

regardless of the asymmetry type, which is reflected in the magnitude of curve formation rate. 

Yet structural change induced by the volume asymmetry is smaller than what is caused by the 

chemical asymmetry: in the absence of chemical asymmetry, severe volume asymmetry 

( 5.0V ) is required to form a scroll from a flat sheet. On the contrary, little change in 

solvent affinity affects the sheet curvature significantly as seen for Tka BAS 5.25  models. 

Therefore, the combination of volume and chemical asymmetry produces tubular scrolls with 

various size of internal cavity as illustrated in the phase diagram. The three double scroll 

structures in the upper right corner of Figure 3.2 are local minimum structures whose free 

energy is very close to the global minimum. Double scroll structures are initial state dependent 

and can be obtained when the scroll formation rate is rather high so that both ends of the 

polymer sheet roll fast and two large rolls meet in the middle. Although they are kinetically 
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trapped at the local free energy minima, they may transform to single scrolls for which the free 

energy is indeed minimal. 

Previous theoretical and experimental works have predicted cylindrical or tubular 

phase of a polymer sheet.
11,24,109

 However, details on formation kinetics are insufficient. In 

order to demonstrate the formation kinetics, four representative curved structures from Figure 

3.2 (dotted box) are selected (a curved sheet, single- and multi-walled tubular scrolls, and a 

filled scroll) and their cross-sections and side views are shown in Figure 3.3(a). Figure 3.3(b) 

presents corresponding total energy change in the course of curve formation and scrolling. It is 

obvious that the energy becomes lower as the sheet forms a structure with higher curvature 

and, thus, a filled scroll is the most stable. Instead of absolute total energy, we compare the 

energy difference from the corresponding initial structure since each model has different 

potential parameters.  
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Figure 3.3 (a) Selected four structures noted in the dotted box of Figure 3.2 and their energy 

profile in (b) and radius of gyration in (c). CS stands for a curved sheet, SWT for a single-

walled tubular scroll, MWT for a multi-walled tubular scroll, and FS for a filled scroll. All 

models are from the 5‒7 models ( 73.0V ) with, respectively, ASa TkB25  (CS), 

TkB5.25  (SWT), TkB26  (MWT), and TkB27 (FS). 
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Kinetics of a structural change is analyzed quantitatively by means of the radius of 

gyration, )(
~

tRg
, which is evaluated as 

)()()()(
~ 222 tRtRtRtR zzyyxxg                   (7)                                                        

)(tR
( zyx ,, ) denotes the time-evolution of the three principal radii of gyration 

obtained from the radius of gyration tensor. Its elements are 

  CMi

N

i

CMi

sheet

sheet

N
R   

1

1
             (8)                                               

where i  and 
i  are the x, y, and z coordinate of i

th
 bead of the sheet. CM  and CM  are 

those of the center of mass of a sheet consisting of sheetN  beads. The magnitude of )(
~

tRg
 

effectively demonstrates polymer sheet curvature at a given time: large )(
~

tRg
 means a 

slightly curved sheet while small )(
~

tRg
 describes a large curved or scrolled structure. 
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Figure 3.3(c) presents the time-evolution of )(
~

tRg
 of the four previously selected models. 

Clearly, large chemical asymmetry results in a structure of high local curvature: the curved 

sheet at 25AS Ba k T , the single-walled tubular scroll at TkB5.25 , the multi-walled 

tubular scroll at TkB26 , and the filled scroll at TkB27 . Initially large )(
~

tRg
 of a flat 

sheet decreases with time as it forms a curved structure. In particular, )(
~

tRg
 of the model 

that produces a scroll decreases drastically. Magnitude of the curve formation rate, i.e., the 

initial slope of )(
~

tRg
, has strong correlation with the morphology of the final structure: a 

higher rate would tend to correlate with a stable structure of a smaller internal cavity.  
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Figure 3.4 Curve formation rate with respect to the solvent affinity of A-coils, ASa . For each 

data point, three uncorrelated initial structures were simulated and error bars are employed to 

demonstrate the sensitivity of initial structures. 

 

 

 

Figure 3.4 shows the dependence of curve formation rate on the sheet anisotropy 

owing to the broken grafted coil symmetries. At 25AS Ba k T (chemically symmetric 

grafteds), the rate is higher for smaller V  indicating that entropic repulsion between coil 

beads governs the curve formation process. On the other hand, at 27.5AS Ba k T  (severe 

chemical asymmetry models), the magnitude of the curve formation rate shows an exactly 

opposite sequence. The rates at Tka BAS 25  resulted from the competition between 
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entropic repulsion and solvent affinity of A-coils. Since hydrophobicity of A-coil increases 

with the number of beads, the effect of solvent affinity difference is more prominent for the 7‒

7 models than the others. This is also obvious from the fact that the overall change is greater 

for larger V  models as ASa  varies from TkB25  to TkB5.27 .  

For all scrolls, a rapid decrease of )(
~

tRg
 continues until two short ends of the sheet 

make contact with each other. Subsequently, affinity or relative repulsion between A- and B-

coils stabilizes the scroll structures. As can be seen in Figure 3.3(c), the hollow interior 

closing rate is very low. In other words, once a tubular scroll is formed, the structure is stable 

for a fairly long time of simulation even in the presence of unstable hydrophobic coilsolvent 

contact in the hollow interior.  

 

Figure 3.5 Density profiles of the three selected scroll structures inside the dotted box of 

Figure 3.2. The solvent affinity of A-coils, ASa , is (a) TkB5.25  (b), TkB26 , and (c) 

TkB27 . Each line represents different types of beads: sheet (black line), A-coil (red line), and 

B-coil (blue line). Solvent beads are omitted for clarity.  
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In order to control the tubular scroll, we have explored the relationship between the 

internal cavity and the sheet anisotropy. Figure 3.5 presents density profiles of the three 

representative scroll structures of Figure 3.3(a). For clarity, solvent beads are omitted from 

visualization. For the density profile evaluation, the scroll is rotated to be perpendicular to a 

rectangular box: the average unit vector of the scroll is calculated from rods’ unit vectors and 

then a rectangular box is chosen such that its center coincides with the center of mass of the 

scroll while the long axis is perpendicular to scroll’s average unit vector. Average density 

distribution of beads is evaluated along the cross-section of the scroll. From the density 

profiles, the diameter of the internal cavity is estimated, which is defined as the distance 

between opposite red peaks (most probable position of A-coil beads) that are closest to the 

center of the scroll. In Figure 3.6, the internal cavity diameter obviously decreases as the A-

coilsolvent repulsion increases. Except for the 1‒7 ( 14.0V ) models, a wide range of the 

internal cavity diameter was observed. With hydrophilic or weakly hydrophobic A-coils, 

single-walled tubular scrolls with a large hollow interior were formed. In fact, the longer the 

hydrophobic coil, the larger the internal cavity. In contrast, with strongly hydrophobic A-coils, 

scrolled structures are formed since the interaction between A-coilsolvent beads overcomes 



- 62 - 
 

entropic repulsion of A-coil. For intermediate models, however, entropic repulsion and 

hydrophobicity of A-coil are competitive to each other and multi-walled tubular scrolls are 

formed. The internal cavity diameter is a direct indicator of the relative strength of the 

entropic repulsion and the hydrophobicity of A-coils. Severe volume asymmetry in 1‒7 

models results in scrolls with small or negligible hollow interior depending on the degree of 

chemical asymmetry because A-coil is too short to provide entropic repulsion that is required 

to preserve internal cavity.  
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Figure 3.6 Relationship between internal cavity diameter, DH, of a scroll and solvent affinity 

of A-coils, ASa . For each data point, three uncorrelated initial structures were simulated and 

error bars are employed to demonstrate the sensitivity of initial structures. In some cases, error 

bars are smaller than markers. 
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a function of temperature
11

 and the dimension of biomimetic tubular scrolls was regulated 

through chemical modifications of molecular structures.
5,6

  The combination of appropriate 

volume and chemical coil asymmetries may provide an alternative way to manipulate hollow 

interior of tubular scrolls in a feasible way.  

 

3.3 Concluding Remarks 

 

There are several factors that cause anisotropy on a 2D polymer sheet and lead to 

formation of scrolls; mainly, volume and chemical asymmetry of grafted coils and sheet 

stiffness. In this work, transforming fluctuating 2D sheets to various cylindrical structures was 

successfully carried out through simple modification of grafted coil properties. More 

importantly, delicate control of the internal cavity of tubular scrolls was also shown. Phase 

diagram of a surface grafted 2D polymer sheet with respect to coil‒solvent affinity and grafted 

coil volume asymmetry indeed illustrated that grafted coil modification would allow a 

controllable way to scroll formation with variable internal cavity. When the two surfaces of a 

polymer sheet are grafted with coils whose chemical properties are weakly asymmetric, the 

balance between hydrophobicity and entropy of surface coils determines the hollow interior. 
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Hydrophobic coils minimize solvent contact so that filled scrolls are preferred while tubular 

scrolls are formed in the presence of volume asymmetric surface grafteds. The scroll 

formation rate is also affected by the balance of surface tension between grafted coils on either 

side of the sheet surface. When the two opposite ends of the sheet make contact, the rate of 

internal cavity closure becomes rather low and almost no change in the scroll structures was 

observed for a fairly long simulation time. The findings in this article provide crucial scientific 

insights in understanding the scroll formation through self-assembly of rod-coil molecules. 

Thus, that the modification of grafted coil’s volume and chemical properties would lead to a 

practical and systematic method to form tubular scrolls with targeted internal cavity.  
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CHAPTER 4 

 

 

 

Grafted Coil Configuration Dependent Sheet Polymer 

Transformation   
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4.1 INTRODUCTION 

 

Until recently, vesicles have been the focus of drug delivery vehicle development due 

to the presence of internal cavities.
35,94,110,111

 Spheres, however, have the smallest surface areas 

of all of the possible structures, and large contact areas are useful for surface modification of 

carriers’ functionalities, including targeting. Moreover, the chemical and physical properties 

of spheres, including the kinetics, diffusivity, target selectivity, and functionality, are 

determined by only one factor, the size of the vesicle. It is therefore desirable to take 

advantage of structures with larger surface areas, such as tubular scrolls. Tubular scrolls also 

have additional geometric degrees of freedom, including tubule (external) diameter and tubule 

length, that affect their properties. For example, mechanical movement is governed by tubule 

length and diameter, whereas some properties, such as the encapsulant time-release profile, are 

known to depend closely on internal cavity diameter and scroll length.
8,17

 Growing interest in 

drug delivery vehicles has prompted extensive investigation into nano-sized tubular scrolls 

such as carbon nanotubes, in both experimental 
5-8,10-13

 and theoretical
14-16

 studies. Despite 

their potential, the fabrication of tubular scrolls, especially using bio/organic materials that 
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may be naturally biocompatible and bioabsorbable is not straightforward. Although regulation 

of the internal cavity is crucial for bio-medical applications,
10,18

 the fundamental 

understanding of scroll formation and the systematic manipulation of internal cavities is 

lacking and is, in large part, yet to be explored. 

It has been shown that anisotropy in two-dimensional (2D) sheets causes various 

curved phases, including tubular scrolls.
14-16

 There have been extensive studies on 2D sheet 

polymers, i.e., polymers with 2D connectivity. Examples of 2D sheet polymers include carbon 

nanotubes,
112,113

 graphene,
114

 graphite oxide sheets,
115,116

 polymerized layers,
117,118

 and self-

assembled membrane structures.
25,119

 In addition, various simulations using Dissipative 

Particle Dynamics (DPD),
120

 Brownian Dynamics
24

, Molecular Dynamics (MD),
25

 and Monte 

Carlo simulation methods
15

 have been employed to explore 2D sheet morphology. Recently, 

we have reported tubular scroll formation with controlled internal cavities by purposely 

breaking the chemical and volume symmetries of surface grafted coils.
120

 DPD simulations 

showed that modification of the grafted coil properties of rod-coil amphiphiles is relatively 

simple yet highly effective for inducing various types and degrees of sheet anisotropy. The 

fundamentals of the DPD algorithm are equivalent to those of MD simulations. The use of a 
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coarse-grained model, however, enables computations roughly 10
4
~10

7
 times more efficient 

than those of all-atom MD simulations by replacing a group of atoms with a single coarse-

grained bead.
30

 Nano-sized tubular scrolls are often developed in the condensed phase, in 

which environmental properties significantly affect the morphology. Therefore, the use of the 

DPD method is appropriate because it can correctly describe hydrodynamic effects, which are 

critical in the condensed phase dynamics found in solid states or solutions.
30,31

  

In this chapter, the influence of the grafted coil graft configuration on polymer 

morphology is explored and, more importantly, the driving force of the spontaneous 

transformation of a flat membrane into a scroll is determined. The co-assembly of laterally 

grafted rod-coil molecules is also discussed as an alternative system to produce tubular scrolls 

with controlled internal cavities. A brief description of the DPD simulations and the coarse-

grained model are presented in Section 2. In Section 3, the transformation of surface grafted 

sheet polymers is explored with respect to graft configuration disorder. Concluding remarks 

appear in Section 4. 
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4.2 Models 

 

A bare sheet polymer was prepared adapting the sheet model described in Ref. 
120

, 

followed by surface grafting. As schematically drawn in Schemes 4.1(a) and (b), grafted coils 

(five beads in a flexible chain) on the reference side were grafted at the reference graft points, 

which had well-defined pseudo-hexagonal configurations. On the reverse side, a fraction of 

the grafted coils were displaced from their ordered reference graft points to construct a 

disordered graft configuration (red beads in Schemes 4.1(c) to (f)). Two types of displacement 

models were considered. For model I (Scheme 4.1(d)), maximum overlap is imposed between 

grafted coils on neighboring lateral lines, resulting in a chain of bonded sheet beads along the 

short side of the sheet. Once a lateral line is randomly chosen, all grafted coils on the line are 

shifted such that they are grafted next to grafted coils on the previous line (see Scheme 4.1(d)). 

For model II(d) (Scheme 4.1(e) d=1 and (f) d=2), any chosen grafted coil can be displaced 

along the lateral direction. Once a grafted coil is randomly chosen, it is displaced by d sheet 

beads to the left or right of the original graft point by another random number. 
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Scheme 4.1 Initial configurations of coarse-grained surface-grafted sheet polymer: (a) the 

reference surface side and (b) a disordered surface side, with augmented top views of 

reference graft points in (c) and displaced graft points according to (d) model I, (e) model II(1), 

and (f) model II(2), respectively. Blue beads denote the reference graft points of grafted coils, 

while red beads represent graft points on the disordered surface. Yellow beads are sheet beads. 
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In DPD, interactions between any two types of sheet (R), coil (C), and solvent (S) 

beads are described by a soft repulsive potential
30

 as ijcijij

C

ij rrra ˆ)/1( F , 

1ˆ  cijijij rrrr  for particles i and j. The parameter ija ( SCRji ,,,  ) describes the 

strength of the repulsive force; iia  is for a homogeneous interaction between the same types 

of beads and is defined as Tka Bii 25 , while 
ija  ( ji  ) is for a heterogeneous 

interaction between different types of beads. Surface grafted polymer sheets transform to 

various cylindrical structures owing to broken symmetry in the solvent affinities and/or 

volumes of surface grafted coils.
120

 On the contrary, isotropic sheet polymers remain flat. In 

this article, all the properties of coil beads are modeled as identical regardless of the surface 

sides to isolate the role of surface grafting. In addition, a theta solvent condition was chosen 

for coil beads, i.e., Tka BCS 25 , such that scroll formation owing to coil-solvent repulsion 

and/or coil-coil attraction became irrelevant. The theta solvent condition can also be 

considered to mimic the bulk phase, in which sheet polymers are in contact with the surface 

grafteds of neighboring sheets, or a highly miscible solvent, where coil-coil interactions are 

equivalent to coil-solvent interactions. Note that the DPD potential only provides repulsive 
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forces and, thus, spontaneous scrolling observed in this article is strictly due to sheet 

anisotropy caused by graft disorder. DPD parameters are listed in table 4.1. 

 

Table 4.1 DPD potential parameters. In subscripts, C, R, and S correspond to grafted coils, 

sheets, and solvent beads, respectively. a  is in units of 
Bk T  and other parameters are in 

DPD reduced units. 

 

Surface coil Sheet 

a
a CSa

a RCa a 
coilk b 

coilr b RSa
a 

latk
b longk b 

latr b 
longr b 

angk c 

25 25 30 25 0.5 30 100 50 0.5 0.5 20 

a 
DPD repulsion parameter, SRC ,, ; 

b
 harmonic bonding, 

 22
1)( bondbondbond rrkrV  , for coil chain (coil) and lateral(lat)/longitudinal(long) sheet 

direction; 
c 
soft angle constraint,   cos1)(  angang kV . 

 

The aspect ratio (short side-lateral: long side-longitudinal) of the sheet model was 

chosen to be 4:15. A surface grafted sheet polymer was placed inside a simulation box, which 

was filled with single bead solvent molecules. The total number of beads in the simulation box 

was 384,000 ~ 600,000, including solvent beads, i.e., the number density of the system was 
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3  . All simulations were performed with the LAMMPS package
108

 with time step 

02.0t  and the temperature was maintained at 0.3 in DPD reduced units.
30

 VMD was 

used for visualization.
83

 Details of the DPD method can be found elsewhere.
26,30,31,120

 

 

4.3 Results and Disscusion 

 

4.3.1 Heterosurface Sheet Polymers 

As presented in Figure 4.1, all models spontaneously scrolled into curved structures 

at various displacement fractions of grafted coils (  ). For a given  , model I generally 

resulted in structures with the highest curvatures or the smallest internal cavities. Scroll 

curvature depends rather systematically on  , even monotonically for models I and II(1). 

While grafted coils at reference graft points can have the largest free volumes among their 

surrounding neighbors, displaced ones may be located near other grafted coils, producing a 

large overlap, i.e., entropic repulsion. For models I and II(1), as more grafted coils were 

displaced from their reference graft points, greater entropic repulsion was induced on the 
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disordered side. Eventually, discrepancy in surface entropic repulsion gives rise to overall 

sheet anisotropy, which is the driving force for the scroll transformation. 

 

Figure 4.1 Cross sections of DPD-simulated surface-grafted sheet polymers along the 

longitudinal direction for models I, II(1) and II(2) with respect to grafted coil displacement 

fractions (  ). 

 

Hence, by comparing relative free volumes of the grafted coils on the two surfaces, 

the degree of sheet anisotropy can be represented quantitatively. Consider the anisotropy 

parameter 

I

II(2)

II(1)

1.0 0.1
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where 


 CeffC
DRf

,
  is the free volume of the grafted coils, [ ]ref and [ ]dis denote 

properties of the reference and disordered surface sides, respectively, 
CR  is the average 

nearest-neighbor distance between grafted coils in the longitudinal direction, i.e., the rolling 

direction, and 
CeffD ,

 is the effective diameter of a single grafted bead. In other words, 
CR  

describes the graft configuration while 
CeffD ,

 represents properties of the grafted coils. 

refCR ][  is a well-defined constant due to ordered graft configuration, while 
disCR ][  

depends on graft point disorder. For models discussed in this article, 

disCeffrefCeff DD ][][ ,,   because 
CeffD ,

 depends on the coil-solvent affinity and the theta 

solvent condition was applied. When 
CeffD ,

 is smaller than 
CR , the grafted coils have 

enough free space and exert no significant entropic repulsion on the sheet. In contrast, if 

CeffD ,
 is larger than 

CR , the grafted coils are overcrowded and cause large entropic 

repulsion. Accordingly, the ratio of f  describes the relative strength of the entropic 

repulsion due to heterogeneous surface grafting. By definition, 0Q  indicates an 

isotropic sheet polymer and Q  deviates further from zero in the case of higher degrees of 

sheet anisotropy. Depending on the exponent, Q  represents the degree of sheet anisotropy 



- 77 - 
 

in terms of a grafted coil’s effective diameter ( 1 ), area ( 2 ), and volume ( 3 ). 

Here, 2  was chosen for further investigation because overlap area near surfaces affects 

the overall entropic repulsion most significantly. 

 

Figure 4.2 (a) The grafted coil displacement fraction (  ) dependent anisotropy parameter 

( 2Q ) and (b) the relationship between 2Q  and the radius of gyration ( gR ). At a given  , 

error bars represent minimum and maximum values of 2Q  out of 50 randomly generated 

graft configurations. In some cases, error bars are smaller than markers. While lines in (a) are 

arbitrarily drawn to guide, the solid line in (b) is a linear regression fit, 

18.2544.17
~

2  QRg
.  
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Variations of 2Q  with respect to   are shown in Figure 4.2(a) for the three models 

discussed above. In general, 2Q  systematically depends on the displacement fraction   for 

a given disorder model. Each data point indicates the average 2Q  along its minimum and 

maximum values of more than 100 randomly generated graft configurations.  

We also explored the relationship between the degree of sheet anisotropy and the 

morphology. Details of the morphologies and scrolling processes of sheet polymers were 

investigated through the radius of gyration (
gR

~
). In Figure 4.2(b), a strong correlation of 2Q  

and 
gR

~
 is clearly visible. 

gR
~

, presented in Figure 4.2(b), was evaluated from snapshots 

taken at 4108.4~   of each simulation. In Figure 4.2(b), 
gR

~
 varies almost linearly with 

2Q , indicating that grafted coil overlap is indeed the governing factor in sheet anisotropy. A 

linear regression fit was obtained as 18.2544.17 2  QRg  with the coefficient of 

determination, 9101.0R . Because the length of the tubule is roughly the same as the 

sheet’s lateral dimension, as shown in Figure 4.3, a large 
gR

~
 value implies a large tubule 

diameter and, in turn, a large internal cavity. This implies that sheet polymers with regulated 

graft configurations can indeed produce tubular scrolls with controlled internal cavities. The 

fabrication of sheet polymers with heterogeneous surface grafts, i.e., heterosurfaces, has been 
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of interest for biomedical applications such as drug delivery vehicles and tissue 

engineering.
121-123

 This work will help efforts to transform sheet polymers with heterosurfaces 

into well-defined morphologies that can be directly used in such applications. Significant work 

remains to be performed to determine how bonding topology, aspect ratio, and/or types of 

molecular component chemical properties influence sheet morphology.  
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Figure 4.3 Time evolution of the radii of gyration, gR
~

(dashed line), and three principal radii, 

iiR (solid lines) for model I at (a) 4.0  and (b) 9.0 . While latRR 33  is 

invariant and denotes the lateral dimension of the sheet model, 2211 RR  , represents the 

tubule diameter, which is proportional to that of the internal cavity. 
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4.3.2. Co-assembly of Laterally Grafted Rod-Coil Amphiphiles 

As an alternative way of constructing heterosurface sheet polymers, the co-assembly of 

block copolymers is proposed. Recently, laterally grafted copolymers have been made to self-

assemble into a wide variety of complex geometries.
11,24,120,124

 A laterally grafted rod-coil 

amphiphiles (GRC) is a branched polymer composed of a main chain with one or more 

substituent side chains. In particular, T-shaped rod-coil amphiphiles (T-GRC), in which 

flexible grafted coils are grafted at the middle of a rigid rod, are reported to form a long-range 

ordered 2D bilayer, an analog of a surface grafted sheet polymer.
11,97

 The main driving force 

for T-GRC aggregation is    stacking among neighboring aromatic rods, whereas 

flexible grafted coils provide configuration entropy, prohibiting the close approach of other 

coils. As a consequence, in the initially aggregated layers, rod orientation is ordered in a short 

range without well-defined grafted coil orientation or configuration. Subsequent 

rearrangements within the layer occur to achieve a thermodynamically favored free-energy 

minimum structure, in which rods are organized parallel to each other and grafted coils are 

arranged to have a hexagonal configuration.  
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Figure 4.4 MD-simulated structures of T-GRC and A(1)-GRC co-assembly at (a) the A(1)-

GRC fraction, (b) 0A , (c) 2.0A , and (d) 4.0A . Grafted coil graft points are 

denoted as red beads, while yellow beads are rod beads and the blue hexagons in (b) to (d) are 

drawn for comparison. (e) Nearest-neighbor grafted coil distances in the longitudinal direction, 

CR : at a given A , the marker represents the average 
CR  taken from 10 independent initial 

structures, and error bars correspond to minimum and maximum values of 
CR  within the 

ensemble. The solid line is arbitrarily drawn to guide. 
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By perturbing the isotropic layer formation of T-GRC self-assembly, anisotropic 

bilayers may be obtained. Let us consider a co-assembly of T-GRCs with an asymmetrical 

structural isomer (A(d)-GRCs), for which the molecular component is equivalent to T-GRC 

except that the grafted coil is grafted at d beads off the middle of the rod. To investigate the 

possible formation of disordered layers during GRC co-assembly, MD simulations were 

employed on coarse-grained rod models in a periodic 2D box. Despite its simplicity, 2D MD 

simulation is ideal for demonstrating the progress of layer formation, including local 

rearrangements of grafted rods in initially aggregated GRC layers. Lennard-Jones (LJ) 

potential was used to mimic    interactions between the aromatic rods of GRCs. 

Harmonic bond potentials and soft angle constraints were employed to model the rod, which 

consisted of five beads. The grafted coil was replaced by a single bead at the graft point 

embedded in the ro ㅠ d and is depicted as a red bead in Figure 4.3. Grafted beads repel each 

other through soft repulsive potentials. Model potential parameters are listed in Table 4.2 All 

simulations were performed in a 2D simulation box with a size of 
2)8080( LJ  with 1,300 

rods, with the time step 001.0t , and at the constant temperature 
*7.0 TT   in LJ 

reduced units.
30

 The Velocity Verlet algorithm was used along with a Nosé-Hoover thermostat. 
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Table 4.2 MD potential parameters in Lennard-Jones reduced units.  

LJ  a 
LJ a 

cc b 
ccr b bond c 

bondr c 
ang d 

1.0 1.0 5.0 2.5 100 0.9 20 

a 
Lennard-Jones inter-rod interaction; 

b
 coil-coil repulsion, 

   cccccccc rrrrrV  ,cos1)(  ; 

c
 harmonic intra-rod bonding; 

d
 intra-rod soft angle constraint. 

 

For isotropic T-GRCs, the minimum free-energy structure was indeed well ordered. 

As shown in Figs. 4.3(a) and (b), T-GRCs were arranged into an ordered layer with a 

hexagonal grafted coil configuration. Examples of T-GRC and A(1)-GRC co-assembled layers, 

in which the hexagonal arrangements of grafted beads are disturbed, are shown in Figs. 4.3(c) 

and (d). In fact, a layer formed by the co-assembly of T-GRC and A(d)-GRC is equivalent to 

the previously discussed model II(d) surface grafted sheet polymer. Owing to the similarity of 

the molecular components, intermolecular interactions between heterogeneous GRCs should 

be almost indistinguishable from those between homogenous GRCs. Aggregation in the GRC 

mixture will still be driven by    stacking and result in a disordered initial layer. Unlike 

in T-GRC self-assembly, however, the asymmetric conformation of A(d)-GRCs impedes the 

progress of grafted coil rearrangements. In relation to protein folding dynamics, 
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rearrangements within the sheet polymer can also be viewed in terms of energy landscapes.
125

 

A disordered GRC co-assembled layer has a large number of configuration states available 

and thus fewer states to the ordered counterpart. If the time required for the layer to attain its 

global minimum conformation is large, it is called kinetically trapped. The local roughness of 

the energy landscape reflects kinetic traps, corresponding to the accumulation of partially 

ordered intermediates. The branching of polymer chains and indistinguishable molecular 

interactions affect the abilities of chains to slide past one another. Therefore, collective 

rearrangements are rare events with high energy costs. Consequently, the GRC co-assembled 

layer is kinetically trapped. This kinetic trap prohibits the sheet polymer from attaining the 

most thermodynamically stable configuration with perfectly ordered GRCs: as a result, an 

amorphous glassy distribution of grafted coils largely remains. For the same reason, the phase 

separation of T-GRC and A(d)-GRC is unlikely to occur.  

The local roughness of the energy landscape was examined indirectly through 

variations of the 
CR  values of MD-simulated T-GRC and A(1)-GRC co-assembled surfaces. 

For a given A(1)-GRC fraction, A , 10 randomly generated initial structures were simulated. 

The average 
CR  value and its range of variation are shown in Figure 4.3(e). T-GRC self-
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assembly ( 0A ) clearly led to the largest 
CR  with the lowest range of variation, while 

average 
CR  values and their ranges changed systematically with A , implying perturbed 

surface formation due to A(1)-GRC insertion. Each layer is assembled independently: it is 

highly likely that bilayers with heterosurfaces are formed. Therefore, we envision that GRC 

co-assembly will lead to a formation of metastable yet long-lived anisotropic layers that 

spontaneously transform to curved structures, including tubular and filled scrolls. Furthermore, 

the systematic control of scroll morphology through the manipulation of the chemical 

compositions of mixtures and of GRC molecular conformations appears promising.  

 

4.4 Conclusion 

 

The graft configuration-dependent scroll formation of sheet polymers was explored 

using DPD and MD simulations on coarse-grained models. Spontaneous rolling of the model 

sheet polymer was observed by inducing anisotropy via heterogeneous surface grafting. It was 

also found that, by manipulating graft disorder, tubular scrolls with controlled internal cavities, 

which are highly desirable for drug delivery vehicles, can be constructed. The driving force 
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for scroll transformation was discussed in terms of the anisotropy parameter, which is based 

on the relative free volumes of grafted coils. Motivated by recent works on laterally grafted 

rod-coil amphiphiles, we also suggested the co-assembly of block copolymers as an alternative 

means of forming anisotropic bilayers. The idea was verified by MD simulations that 

successfully demonstrated the formation of kinetically trapped disordered layers. We believe 

that this article provides not only a fundamental understanding of sheet to scroll 

transformation but also a framework for further research regarding morphology control by 

surface graft of 2D sheet polymers. 
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