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ABSTRACT: We study the dynamics of vesicle formation in an initially homogeneous dilute 

solution of amphiphilic diblock copolymers, using the external potential dynamics (EPD) method. 

The system was quenched into the unstable two phase region inside the spinodal curve. We discover 

a new pathway of spontaneous vesicle formation: First, spinodal decomposition sets in and the fluid 

acquires a weakly modulated structure. After an incubation time, the composition fluctuations of 

this background pattern trigger the nucleation of spherical micelles. In a third step, copolymers from 

the solution slowly aggregate to the micelles, they grow and become semivesicles (bigger spherical 

micelles with a solvent-philic core). Finally, solvent particles diffuse into the semivesicles, and they 

become full vesicles. We show that the solvent-philic parts of the copolymers play a crucial role for 

the transition from semivesicles to vesicles. The different contributing mechanisms are discussed 

and a simple method to control vesicle formation by using uniform sphere micelles as seeds is 

proposed.  
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1. Introduction 

Vesicles, composed of lipid molecules in biology, fulfill important functions for life such as 

storage and transportation1. They can also be formed artificially from amphiphilic block copolymers. 

This provides the possibility to mimic biological vesicles and has an extraordinary potential in 

applications such as micro-reactors and nanodevices for encapsulation and controlled release2-9. The 

formation and the stability of vesicles are the focus of intense research10. Theoretical studies have 

shown that vesicles can be stabilized in systems of mixed surfactants, because different surfactant 

compositions in the outer and inner layers of the vesicle can induce spontaneous curvature11-14. 

However, vesicles can also form spontaneously in single-component solutions of amphiphilic 

molecules, lipids or amphiphilic block copolymers with narrow length distribution, although such 

vesicle structures are metastable. How vesicles spontaneously form in such a system, and whether 

or not the final vesicle structure depends on the dynamics in the system, is not clear till now. 

In the past, experimental methods, such as time-resolved dynamic light scattering (DLS), small-

angle neutron scattering (SANS) and X-ray scattering (SAXS) have been applied to study, on the 

millisecond scale, the structural transition from micelles to vesicles, which is induced by mixing 

two different micellar solutions15-18. Transmission electron microscopy (TEM) can provide direct 

images of aggregative morphologies; however, it is difficult to capture dynamically the fast 

intermediate structural transitions. Computer simulations provide an important way to peek into this 

process. Monte Carlo Simulations, Brownian Dynamic, Dissipative Particle Dynamics (DPD) and 

even Molecular Dynamics with atomistic details have been applied to investigate vesicle 

formation19-24. These studies revealed one possible pathway to vesicle formation (mechanism I): 

First, small clusters and sphere micelles form; then, the micelles coalesce to small disk micelles 

(small bilayer structures); finally, the bilayers curve around and close up to form a vesicle. The 

mechanism relies on the formation of disk micelles, i.e., small bilayer fragment, as intermediate 

states.  
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Most of the experiments and simulations focused on studying the vesicle formation in solutions 

of lipid molecules or small surfactant molecules in water. Compared to these low-molecular weight 

molecules, amphiphilic block copolymers have much longer chains, with several hundred carbon 

units in the solvent-phobic block, and up to several tens of units in the solvent-philic block (the 

hydrophobic tails of lipid molecules are short chains with up to 10-24 carbon units, and the 

hydrophilic part is only one large molecular group). Another difference is that the molecular 

interaction per segment is small for polymers, but can be tuned to some extent. The aggregation 

process is relatively slow due to the slow diffusion of the large molecules, and the weaker 

segregation. Studying such systems with particle models (MD or DPD) such as the ones mentioned 

above is computationally very expensive, and large system sizes are necessary to investigate the 

structures formed by long chain molecules in dilute systems.  

Very recently, vesicles of amphiphilic diblock copolymer in dilute solution were obtained using 

the polymer self-consistent field theory (SCF) method25.  The SCF theory26, a mesoscopic polymer 

theory originally introduced by Edwards27 in the 1960s and adapted by Helfand and others to treat 

inhomogeneous polymer systems, has been widely applied to study the performance of polymer 

blends and block copolymers25-34. In field theory, the particles (atoms or coarse-grained beads) in 

the system are converted into the conjugated potential fields, and the computing cost only depends 

on the sample size. Furthermore, field theory is built on the framework of a local free energy and 

thus favorable to the analysis of thermostability. In Ref. 25, the SCF approach was applied to the 

study of vesicle formation in 2 dimensions (2D) using a “pseudodynamic” method and various 

vesicle structures were discovered. The simulation demonstrated that the final vesicle structure 

strongly depends on the dynamic aggregation process, as triggered by various initial fluctuations. 

Uneyama and Doi 35 studied the vesicle structure in 3D using a free energy density functional 

method and obtained the same results. However, these two calculation schemes did not satisfy the 

local monomer conservation, and thus did not mimic to a real dynamical process. More realistic 

simulations are required to gain deeper insight into the dynamic process of vesicle formation. 
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Sevink and Zvelindovsky36 studied the self-assembly of complex vesicles of short surfactant 

( ) using the dynamic self-consistent field theory (DDFT). They report on a   

mechanism of vesicle formation which is similar to the conventional one (Mechanism I mentioned 

above). 

6n2 ,BA n2 ≤≤

In this paper, external potential dynamics (EPD)37-41 was applied to study the spontaneous 

formation of vesicles of amphiphilic diblock copolymers in dilute solution. In EPD, the monomer 

concentration is a conserved quantity, and the polymer dynamics is inherently of Rouse type. We 

report on a new pathway of spontaneous vesicle formation which differs from the conventional one 

(Mechanism I). The process of spontaneous vesicle formation is described in detail. The origin of 

the new mechanism and possible applications based on this mechanism are discussed.  

 

2. External potential dynamics based on dynamic self-consistent field theory 

We consider a mixture of amphiphilic diblock copolymers P, and solvent particles S in a system 

of volume V. Every copolymer chain has two parts, a solvent-phobic block A and solvent-philic 

block B. The volume fractions of segments A and B in the system are Af  and Bf , and the volume 

fractions of copolymers and solvent in the solution are BAP fff +=  and , respectively. In 

the SCF theory, one considers the statistics of a copolymer chain subject to a set of effective 

chemical potential fields, 

PS 1 ff −=

Iω , where the index I  represents the block species A or B. These 

chemical potential fields, which replace the actual interactions between different components, are 

conjugated to the segment density fields Iφ  of block species I. Similarly, solvent molecules are 

considered to be exposed to an effective chemical potential field Sω  that is conjugate to the 

solvent density field Sφ . The partition function of a solvent particle in the field Sω is 

∫ − )ω(dr=Q SS exp , and the partition function of a single diblock copolymer chain in the fields Aω  

and Bω  is ∫ )drg(r,=Q 1P , where the end-segment distribution function g(r,s)  gives the 

probability that a section of a chain, of contour length s and containing a free chain end, has its 
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“connected end” located at r. The parameterization is chosen such that the contour variable s 

increases continuously from 0 to 1 from one end of the chain to the other. We use a flexible 

Gaussian chain model to describe the single-chain statistics, thus the function ),( srg  satisfies a 

modified diffusion equation 

s)g(rNs)g(r,=s)g(r,
s

.2 ω−∇
∂
∂ .

                            (1) 

This equation satisfies the initial condition, 1,0 =)g(r . Here ω  is Aω  when A0 c<s<  and 

Bω  when 1A <s<c . Similarly, a second distribution function s)(rg' ,  (containing the other 

chain end) also satisfies Eq. (1) with the initial condition 1,0 =)(rg' , but ω  is Bω  when 

B0 c<s<  and Aω  when 1B <s<c  ( Ac and Bc  are the length fractions of A and B segments 

in a diblock copolymer chain and 1AB =+ cc ). The density of the monomer components is 

obtained by evaluating 
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Finally, the free energy function per volume (in units of TkΒ ) of the system is  
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where N is the length of copolymer chain in coarse-grained units (every unit corresponds to 

several tens monomers), IJχ is the Flory-Huggins interaction parameters between species i and j 

that describes the molecular interaction, and Hκ  is the coefficient of compression energy. The SCF  

theory accounts for the linear structure of long chain polymers, and its free energy contains entropic 
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and energetic contributions from every component. Detailed derivations of the free energy in the 

SCF theory can be found in the literature, e.g., the review articles Refs. 26 and 34. 

To study a realistic dynamical process, we use the external potential dynamics method as 

originally introduced by Maurits and Fraaije37. It is based on the continuity equations for the 

conserved densities Iφ  together with an expression for the density currents which is approximately 

valid for Rouse-type chain dynamics, 

)()( rJ
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Here,  are two-body correlators introduced in Refs. 37 and 38, and IJP Jη  is a Gaussian 

distributed random noise term that accounts for thermal fluctuations and fulfills 
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The dynamical equations (4) can be simplified considerably by reformulating them in terms of 

the potential field Iω . Exploiting the relation )'()()',( rrrrP JIIJ δωδφ−= , one obtains the external 

potential dynamics (EPD) equations37 
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where ID  is a constant diffusion coefficient which depends on the particle type (polymer or 

solvent). The functional derivative IF δφδ / can be calculated from Eq. (3), giving  
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The set of equations (1), (2), (6) is conveniently solved by simple time iteration methods. We note 

that hydrodynamic effects are not introduced in this version of EPD. The EPD model has been 
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applied to study dynamic phase separation in polymer blends and gave much better agreement with 

Monte Carlo simulation results than a comparable local coupling model39, 40,41 . 

 

3. Simulation parameters and numerical methods 

Our simulation starts from a homogenous initial state with initial external potential fields 

, , and . Based on the 

experience in the past25 , the parameters in the simulation were selected as follows: The chain 

length was , and the diffusion coefficients were 

SAASBAAB
0
A ffff χχω += SBBSBAAB

0
B ffff χχω += SBBSSAAS

0
S ffff χχω +=

17=N 17/SBA DDD == ; the length fraction of 

the solvent-philic B block, , was same in all simulations; the polymer concentration in 

solution was chosen rather small, 

118.0B =c

1.0P =f ; The Flory-Huggins interaction parameter BSχ  was 

varied from -0.15 to 0.75,  while 2.1AS =χ and 05.1AB =χ  were kept constant. These parameters 

correspond to quenching points in the unstable region within the spinodal curve (Fig. 1). The 

compressibility coefficient was chosen 176.1=Hκ , and the coefficient of thermal noise 

.  The numerical simulations were carried out in 2 and 3 dimensions 

( square lattice in 2D and 

31046.3 −×=β

220220 × 464646 ××  in 3D, respectively), with grid size 3/1/ =Δ gRx  

(  is the unperturbed mean square radius-of-gyration of a copolymer chain), and time step 

. The external potentials and density profiles were stored for analysis every  

time steps after the quench. The structure factor at the initial stage of phase separation was 

calculated applying 10 parallel samples. The structure factor is defined as: 

gR

51.0 =Δ SDt 4100.1 ×

>−−−−⋅=< ∫ ∫V V jjiiijji
j

ffrrrrriqdrdrtqS ))())()())(()()((exp(),( 2
SPSPSP φφφφ           (8) 

Eq 1 was solved with an improved pseudo spectral method42, which has higher stability and 

accuracy than other methods for the same spatial discretization: The diffusion equation (1) was 

discretized according to 
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and a Fast Fourier Transformation (FFTW) package43 was applied in the evaluation of the diffusion 

operator in Eqs. (6) and (9 ) to ensure precision and convergence.  

 

4. Results and Discussion 

Our simulations started from a homogeneous state, which corresponds, in reality, to a quenching 

process. The quenching points were chosen in the unstable region of the hypothetical homogeneous 

mean-field phase diagram (Fig. 1). The latter was calculated in the Flory-Huggins approximation, 

i.e., the mixing free energy was expressed as 
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Inserting PBBPAA  , φφφφ cc ==  and PS 1 φφ −= , we obtained 
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The limit of thermodynamic stability or spinodal corresponds to the points of the inflection, 

. In the case of constant 0/ P
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For , equals -0.85. Our simulation points were located 

in the unstable region close to the spinodal line (Fig. 1, 

05.1 ,2.1 0.1, ABASP === χχφ spinodal
BSχ

BSχ  ranges from -0.15 to 0.75). We note 

that the full mean-field phase diagram, which has not been calculated, also contains microphase 

separated regions.  

The dynamic simulations in 2D and 3D showed that vesicles can form spontaneously from the 

homogeneous state. Figs. 2 and 3 show the evolution process of vesicle formation for the case of 

05.1 ,2.1 ,0375.0 ABASBS === χχχ  in 2D and 3D. First, after an initial period of aggregation 
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(which we identified as spinodal decomposition as discussed in detail below), stable copolymer 

droplets appear rather suddenly after about  time steps in 2D (Fig. 2), and  steps 

in 3D (Fig. 3). After that, the droplets grow larger and larger, and rearrange to form spherical 

micelles. After  time steps in 2D and  time steps in 3D, a B-rich region appears 

in the center of the sphere. Finally, solvent diffuses inside and a hollow body, i.e., a vesicle, is 

formed. 

5103.3 × 5101.4 ×

5106.3 × 5105.4 ×

   The initial stage displays the typical features of spinodal decomposition. This is easily explained 

by the fact that the initially disordered system is quenched into the unstable part of the 

homogeneous two phase region. As predicted by the Cahn-Hilliard theory44, the early-stage 

demixing is governed by the growth of unstable fluctuations with definite nonzero wavelength, 

which leads to the formation of a complex interconnected modulated structure (Fig. 4). More 

detailed information can be gained from the inspection of the structure factor  (Eq. (8)) at 

different times (Fig. 5). As expected, features a peak at a well-defined wave vector . 

According to the linearized Cahn-Hilliard theory, the position of the peak should not change with 

time; however, it has long been known theoretically45,

),( tqS

),( tqS maxq

46  and was also confirmed experimentally47, 

that this particular result of the linearized theory is never valid:  gradually shifts to lower 

values already in the earliest stages of spinodal decomposition. This is also observed in our 

simulations (Fig. 5, bottom):  At very early times, a peak first emerges in and then 

immediately starts moving to lower q values. Soon, however, the peak position settles 

at  and does not change any more (Fig. 5, middle). We attribute that to the amphiphilic 

structure of the copolymers, which introduce an intrinsic wavelength of the order  in the 

copolymer-rich phase. A similar behavior has been predicted generally for spinodal phase 

separation into two fluids, of which one is structured 48.  

maxq

),( tqS

7.1max ≈gRq

gR

  After some time, the composition fluctuations become strong enough that they are able to trigger 

the sudden formation of stable copolymer droplets. A second stage is entered, which is qualitatively 
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very different from the first stage: Whereas spinodal decomposition is essentially homogeneous, the 

subsequent aggregation of copolymers into droplets is a highly inhomogeneous and stochastic 

process, with similarity to nucleation. Fig. 6 shows the order parameter, defined as 

Vfdr
V

/PBA∫ −+= φφσ , as a function of time for different BSχ . The emergence of droplets is 

reflected by a sharp increase of the order parameter. We note that the nucleation process in our 

system is rather different from classical nucleation: The nucleation events take place on the 

background of the modulated structure generated by the spinodal decomposition. They are not 

mediated by thermal fluctuations, but by the composition fluctuations of this underlying pattern. As 

a result, most nucleation events take place at almost the same time, and the order parameter in Fig. 

6 very quickly reaches a plateau.  

  Fig. 6 also illustrates the role of the interaction parameter. Since we have ASBS χχ < , the solvent-

philic copolymer block slows down the copolymer aggregation (the aggregation is controlled by the 

parameter BAABSBASBSSPAS )( φφχφφχχφφχ +−+ ), and the aggregation rate decreases with 

increasing solvent-philicity or decreasing BSχ . This is observed in the spinodal stage (Fig. 6, inset), 

as well as in the droplet stage. The weaker the solvent-philicity of B segment, the earlier the 

droplets form, and the higher the number of stable droplets. Simulations in 3D showed the same 

trend. For the case 45.0−=BSχ , stable nuclei formed at  time steps (Fig. 7), while 

for

61017.1 ×

0375.0BS =χ , the first stable nucleus appeared much earlier already after  time steps 

(Fig. 3).  

5101.4 ×

To analyze these observations on a more quantitative level, we first note that decreasing BSχ  

moves the quenching point closer to the spinodal (see Fig. 1). This affects the wavelength 

of the spinodal decomposition pattern as well as the growth rate  of the 

corresponding composition fluctuations. The behavior of  and  as a function of 

max
* /2 qπλ = */1 t

*λ *t

)( spinodalχχ −  can be estimated within the Cahn-Hilliard theory44,48. The calculation is 
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straightforward and shall be skipped here. We obtain  and 

. The quantities  and  set the natural length and time scale in the system 

at the initial stage. We will now hypothesize that they also determine the density of droplets  

and the incubation time 

2/1* )( −−∝ spinodalχχλ

1* )( −−∝ spinodalt χχ *λ *t

sn

τ  for the droplet formation. This leads to the scaling prediction 

 for the density of stable droplets (d is the number of spatial dimensions), and 

 for the incubation time. Fig. 8 shows that the simulation data (2D) are 

consistent with such a scaling behavior. Both  and 

2/)( d
spinodalsn χχ −∝

1)( −−∝ spinodalχχτ

sn τ  can be fitted very well with a power law 

, and the fit values of αχχ )( spinodal− α  are close to the expected values ( 1=α  for  and sn

1−=α  for τ ).  The slight deviations from 1 may be related to the fact that the Cahn-Hilliard 

theory is a mean-field theory and only valid at time zero. 

After the nucleation of the droplets, copolymers aggregate to them from solution, they grow, 

and the A and B segments start to rearrange themselves within the droplet under the driving force of 

the repulsion BAAB φφχ . This is illustrated by the density profiles in Fig. 9. First, the originally 

disordered droplet microphase separates into a spherical micelle structure with an A-rich core and a 

B-rich corona. Then, as the micelle continues to grow, its radius eventually exceeds the gyration 

radius of a chain, a part of the copolymers flip-flop, and B segments enter the center of the 

micelle (Fig. 9, thick dot-dashed line corresponding to time steps). We call this 

intermediate structure a semivesicle. Finally, when the radius of the semivesicle exceeds  

solvent diffuses inside and the semivesicle turns into a full vesicle (Fig. 9, thick dot-dot-dashed and 

thick dashed lines corresponding to  and  time steps). At the same time, a new 

broad peak appears in the structure function S(q, t), which gradually moves to smaller q values (Fig. 

5 top, marked with S). In the following, the vesicle grows further, but much more slowly than 

before.  

gR

5105.3 ×

gR2 ,

5100.4 × 5100.6 ×
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The last observation can be rationalized with the following consideration: Like in classical 

nucleation, the initial growth of the copolymer clusters is driven by the competition of two factors: 

The bulk chemical energy gained by the aggregation of copolymers from solution (in particular, the 

energy gain of their A-blocks), and the surface tension. The latter is positive or close to zero, and 

scales roughly like for a cluster of size R in D dimensions. The former is negative and initially 

scales like 

1−DR

DR (for disordered droplets and micelles), but the scaling then crosses over to 1−DR (for 

vesicles). The amplitude of the bulk term decreases with time, since the concentration of 

copolymers that are still in solution decreases. Hence it can be neglected at late times, if the surface 

tension is positive. We emphasize that this is radically different from classical droplet nucleation, 

where the bulk energy scales like DR for all droplet sizes and thus always dominates for large 

enough R. In our case, the late-stage growth strongly depends the value of the surface tension: If it 

is positive, the growth stops. If it is close to zero, the growth may continue.  

Consequently, the solvent-philicity of the B-block not only influences the speed of the 

copolymer aggregation in the initial stage, it also drives the transformation process from 

semivesicle to vesicle. Fig. 10 shows three examples of late stage configurations for different values 

of SBχ . If the B-segments are highly solvent-philic, the solvent swells the B-blocks, and free 

energy can be gained if the solvent enters the semivesicle in order to swell the inner B-rich region. 

In that case, the surface tension between the swollen B-brushes at the surfaces of the vesicle and the 

solvent is close to zero, and vesicles form. At low solvent-philicity (i.e., high SBχ ), the solvent fails 

to swell the B-blocks of the polymer, and the surface tension becomes positive. The system then 

attempts to minimize the total interface between B-rich region and solvent, and semivesicles 

become more favorable than vesicles. The transition between the semivesicle and the vesicle regime 

occurs at 4.0≈SBχ . This value is reasonably close to 2/1=SBχ , which corresponds to the θ -point 

of B-polymers in solution49. The fact that it is slightly lower than 2/1=SBχ  can presumably be 
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attributed to the confinement of the B-blocks in a brush, which hinders swelling, compared to a 

dilute solution. 

We note that even at vanishing surface tension, the micelles and semi-vesicles are still round. 

This is because the surface tension of the micelle is mainly determined by the structure of the 

interfacial region between B-corona and solvent, whereas the shape of the micelle adjusts such that 

the interfacial area between segregated A- and B-rich regions (the region of A-B contacts) is 

minimized. 

In some of the simulations, we have observed a phenomenon somewhat reminiscent of Ostwald 

ripening50-52: Smaller semivesicles or micelles sometimes started to shrink and released copolymers 

into the solution (two examples are shown in Fig. 11), which then diffused away to join nearby 

clusters. Thus larger clusters grew at the expense of the shrinking clusters. The factors which 

promote this behavior are low solvent-philicity of B and the presence of one or several clusters in 

close vicinity. However, such shrinking events were never observed for vesicles. We recall that 

according to the classical Lifshitz-Slyozov theory50,51, Oswald ripening is driven by the same 

competition between surface tension and bulk free energy as droplet nucleation. (The surface 

tension which small droplets to shrink, and the bulk free energy causes large droplets to grow). As 

discussed above, there is no such competition for hollow vesicles. This explains why full vesicles 

always remained stable.   

Figure 12 shows as a function of time the integrated free energy function F (3), the mixing 

energies , and the entropies , for the caseSBA  and  , EEE SP  and , SSSS 0375.0BS =χ , 2.1AS =χ , and 

05.1AB =χ . They are defined as follows 
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At the beginning (before  time steps), one observes a smooth plateau, corresponding 

to the stage of spinodal decomposition. The enlarged inset in Fig. 12, top, shows the small 

fluctuations of the free energy at that stage. After  time steps, the free energy decreases 

sharply (Fig. 12, top), signaling that stable nuclei are formed. Subsequently, more copolymers 

aggregate to the nucleus, which results in the decrease of and . In contrast,  increases 

due to the increase of contacts between A and B upon copolymer aggregation (Fig. 12, middle). The 

increase of  promotes the rearrangement into a spherical micelle with a B-rich corona, and also 

the transformation from a spherical micelle to a semivesicle. During the aggregation process, the 

entropy of the system decreases, and its changes mainly comes from the contribution of the solvent 

(Fig. 12, bottom).  

5100.3 ×

5103.3 ×

AE SE BE

BE

5. Discussion and Summary 

We have seen that the spontaneous vesicle formation depends on two synergistic processes, the 

aggregation of amphiphilic molecules (on the larger scale), and the rearrangement of solvent-phobic 

and solvent-philic copolymer parts (on the smaller scale). The two processes depend on the chain 

length and the molecular interactions. For lipid molecules or short surfactants in water solution, the 

chain length is small and the interaction energies are high, hence the aggregation of molecules and 

the rearrangement of hydrophilic and hydrophobic parts are fast, and the system quickly reaches 

local equilibrium, i.e., clusters and small micelles. Most amphiphilic molecules in solution are 

consumed directly at the initial stage. The later stage is controlled by coalescence and interfacial 

energy minimization of micelles. In such systems, spontaneous vesicle formation follows the 
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pathway I described in the introduction: First, clusters and small micelles aggregate, then disk 

micelles (bilayer fragments) are formed as intermediate structures through the coalescence of 

micelles, and finally, the bilayer fragments curve and close up to build small vesicles in order to 

minimize the edge energy.  

In contrast, for long amphiphilic diblock copolymer in dilute solution with weak interaction 

parameters, the aggregation and the rearrangement process are slow, since the diffusion is slow, and 

the chain relaxation times are long. In such a system, the segregation of A and B segments initially 

lags behind the aggregation of copolymer, due to the fact that the former depends on local 

concentration, which is controlled by the latter. We have demonstrated that, at the initial stage, 

stable droplets appeared while A and B segments were still mixed. Second, A and B segments 

segregate only weakly. Therefore, the interfacial barrier created by the B-segments, which prevents 

the remaining copolymers in solution from aggregation, is weak. This facilitates the growth of 

micelles and further promotes the flip-flop of copolymers, when the size of micelle exceeds the 

critical value (~2Rg). So, the weak segregation results in a new pathway of vesicle formation: First, 

stable droplets are formed, in our case triggered by spinodal decomposition. Then, copolymers 

aggregate to these nuclei, and they grow larger and larger. As the droplets grow, they first rearrange 

internally into micelles and then into semivesicles. Finally, solvent is absorbed into the semivesicle 

and swells the solvent-philic copolymer blocks in the center of the semivesicle. A complete vesicle 

is built which continues to grow till all copolymers in solution are exhausted. Coalescence events 

have not been observed. They are presumably prevented kinetically by the solvent-philic corona, 

which surrounds the micelles and vesicles with a repulsive shell.  

The two pathways of vesicle formation can probably coexist in certain systems, depending on the 

copolymer concentration, the chain length, and the interaction parameters. For long and weakly 

interacting amphiphilic molecules in dilute solution, the mechanism of nucleation and growth 

apparently dominates the process of vesicle formation. In this regime, the final vesicle size is 

basically determined by the initial density of droplets. Nuclei which have been formed early evolve 
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into large vesicles, whereas nuclei formed later stay small or even become unstable. Thus the 

vesicle size (in terms of amphiphiles per vesicle) is given by the ratio of the average amphiphile 

concentration and the droplet density  (Fig. 8b), and the scales like the inverse density (data not 

shown). 

sn

This opens a way to tune the nucleation process and to control the vesicle formation. We propose 

to use a prenucleation method through adding a definite number of small sphere micelles as seeds 

(The seeding method is also widely used to control crystallization of materials). To test this idea, we 

have performed simulations starting from special initial states, which contained a definite number of 

small sphere micelles. Figure 13 shows the resulting vesicle structures. With 12 seeds, smaller 

vesicles are obtained (Fig. 13a), and with 6 seeds, larger vesicles are formed (Fig. 13b). This 

preliminary result shows that it is possible to control the size and uniformity of vesicle using a 

simple seeding method, in systems where the vesicle formation is controlled by nucleation and 

growth. 

To summarize, we have for the first time simulated the dynamic formation of vesicles of 

amphiphilic diblock copolymers in dilute solution, using the external potential dynamics method 

developed from the polymer self-consistent mean field theory. Initially homogenous systems were 

quenched into the unstable part of the two-phase region close to spinodal line. We have discovered 

a new pathway of spontaneous vesicle formation, which differs from the conventional one: First, 

spinodal decomposition triggers the nucleation of droplets, then the droplets restructure themselves 

into sphere micelles, subsequently the sphere micelles transform to semivesicle, and finally, the 

semivesicles grow into complete vesicle structures. The process of vesicle formation in such a 

system is controlled by nucleation and growth. The solvent-philic segments play a critical role for 

the initial stage of nucleation, and for the transformation of semivesicles to vesicles. The size and 

uniformity of the (metastable) vesicles strongly depends on the number of nuclei and the uniformity 

of nucleation. A simple method, prenucleation through adding small sphere micelle as seeds, was 

proposed to control the size of the vesicles. 
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Figure Captions 

Fig. 1 Homogeneous mean-field phase diagram for a mixture of amphiphilic diblock 

copolymers and solvent. The parameters are N=17, cB=0.118, 2.1AS =χ , 

05.1AB =χ . The spinodal curve was calculated using Eq. (12). The triangles 

correspond to simulation parameters, i.e., BSχ  varied from -0.15 to 0.75.  

Fig. 2 Aggregation morphology of amphiphilic diblock copolymers in dilute solution in 2D 

at various times t. Grey, black, and white correspond to A-rich, B-rich and S-rich 

regions, respectively. The Flory-Huggins parameters are 0375.0BS =χ , 2.1AS =χ , 

and 05.1AB =χ . 

Fig. 3 Aggregation morphology of amphiphilic diblock copolymer in dilute solution in 3D 

at various times t. Only the density distribution of phase A is shown. The Flory-

Huggins parameters are 05.1 ,2.1 ,0375.0 ABASBS === χχχ . The morphology at

 corresponds to a semivesicle structure. 5105.4 ×=t

Fig. 4 Aggregation morphology of the copolymers at the initial stage ( ) using 

high grey contrast. Black corresponds to copolymer-rich regions. 

5109.1 ×≤t

Fig. 5 Time evolution of the structure factor  for early times in 2D. The arrow S 

marks a peak corresponding to the solvent inside the vesicle. The Flory-Huggins 

interaction parameters are 

),S( tq

05.1 ,2.1 ,0375.0 ABASBS === χχχ  

Fig. 6 Time evolution of the order parameter, Vfdr
V

/PBA∫ −+= φφσ  in 2D. 

Fig. 7 Aggregation morphology of amphiphilic diblock copolymers in dilute solution in 3D 

at various times. Only the density distribution of A is shown. The Flory-Huggins 
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parameters are 05.1 ,2.1 ,45.0 ABASBS ==−= χχχ  The morphology at 

corresponds to a semivesicle structure. 

61021.1 ×=t

Fig. 8 Density of droplets  (a), and starting time for nucleation sn τ  (b) in 2D, as a 

function of the interaction parameter BSχ . The fitting curves obey the scaling 

relations , with αχχτ )(~ BS spinodal− 85.0−=spinodalχ and 1.019.1 ±=α  for 

(a) and 

sn

1.027.1 ±−=α  for τ  (b). 

Fig. 9 Density profiles on a cross section of the cluster marked with the arrow in Fig. 2.   

Fig. 10 Aggregation morphology of amphiphilic diblock copolymers in dilute solution after 

 time steps in 2D. a) 6105.2 × 05.1 ,2.1 ,15.0 ABASBS ==−= χχχ ; b) 

05.1 ,2.1 ,375.0 ABASBS === χχχ ; c)  05.1 ,2.1 ,6.0 ABASBS === χχχ  

Fig. 11 Examples of Ostwald-like ripening. (a,b) show morphologies for 15.0BS −=χ at 

time steps (a) and time steps (b). A semivesicle marked with O 

shrinks into a sphere micelle; (c,d) show morphologies for 

5100.6 × 6103.2 ×

75.0BS =χ  at 

time steps (c) and  time steps (d). Two sphere micelles marked with U 

disappear. 

5100.7 ×

61095.2 ×

Fig. 12 Dependence of the free energy F, the energies  and the entropies 

 on the time for the case of 

SBA  , , EEE

SPSP , , +SSSSSS 05.1 ,2.1 ,0375.0 ABASBS === χχχ  in 

2D. The curves of  were shifted by a constant. SPSP   and    , +SSSSSS

Fig. 13 Vesicles formed from initial states with various number of small sphere micelles as 

seeds ( ). a) 12 seeds; b) 6 seeds. 6103.5 ×=t
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