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Abstract  The topic of self-assembly of cylinder-forming diblock copolymers (DBCPs) under spherical shell confinement in 
different surface fields is explored using real-space self-consistent field theory calculations (SCFT). Using this approach we 
observed various microstructures of cylinder-forming DBCPs at different confinement dimensions and surface fields. From 
detailed searching for the microdomain morphologies, an obvious conclusion is that the interactions between the 
confinement surface and the polymers have a great effect on the self-assembly. Most of the microstructures are unique and 
not reported in bulk or under planar and cylindrical confinements. 
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INTRODUCTION 

In recent years, the self-assembly of macromolecular systems in particular diblock copolymers (DBCPs) has 
attracted a huge attention owing to their potential application in the production of polymeric nanostructured 
materials[17]. These materials are of great interest and importance due to possible applications in 
nanotechnology, such as the use of block copolymer films as masks for nanolithography, fabrication of 
nanoporous membranes for advanced separation media, photonic crystals and high-density media storage[811]. In 
the effort to develop methods to control structures, a number of theoretical and experimental studies have 
focused on the self-assembly of block copolymers under confining environments. Confined self-assembly 
provides a novel method of fabricating ordered structures which are not readily available in bulk systems[1216]. 
Various kinds of microphase separation structures have been reported by focusing on the case of one-
dimensional (1-D) planar confinement[1725] or two-dimensional (2-D) cylindrical confinement[2640]. Theoretical 
studies have predicted further complex micro-structures under 2-D cylindrical confinement. The confinement 
dimension /L0, that is, the ratio of confinment diameter  versus polymer period in the bulk L0, is found to 
control the structure transition in the confinement-induced block copolymer self-assembly[34, 40, 41]. 

Fewer studies on the self-assembly of block copolymers under three-dimensional (3-D) spherical 
confinement have been carried out in the past years. Thomas and co-workers conducted the bulk lamella-
forming system, cylinder-forming system and cylinder-forming system in microdroplets. Concentric shell 
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structures, honeycomb-like structure and curved concentric arrays structure were observed[42] for the three cases, 
respectively. Another paper also reported the concentric structure by the Monte Carlo simulation[12].        
Arsenault et al. observed similar structures in their study of polystyrene-b-polyferrocenylethylmethysilane self-
assembly in silica spherical cavitier[43]. A series of unique structures were found under the condition of different 
block ratios in the study of using self-consistent field theory (SCFT) calculations[44]. All these previous studies 
predicted a rich variety of novel micro-structures under 3D spherical confinements. 

In the work, we report self-consistent field theory (SCFT) calculations of the structure of cylinder-forming 
DBCPs under spherical shell cavity confinement. The spherical shell cavity is made up of a spherical solid and a 
homocentric sphere. The schematic illustration of the 3-D spherical shell cavity confinement is shown in         
Fig. 1(a), wherein the cylinder-forming DBCPs are confined in a spherical shell cavity. The effects of surface 
field and confinement interspace on the DBCPs self-assembly have been studied in detail. The result shows that 
the self-assembled structures and phase behavior of the DBCPs under 3-D spherical shell confinement are far 
more complex than those under the 1-D and 2-D confining environments. 

THEORY 

In our study, the DBCPs chain is composed of two blocks (A- and B-blocks) with fA = 0.2, where fA (0 < fA < 1) 
is the volume fraction of the A-block. We assume that the melt of DBCPs with a special degree of 
polymerization N is incompressible. A Flory-Huggins interaction parameter AB is used to characterize the 
repulsion between the A- and B-blocks. For 3-D spherical shell confinement, the DBCPs are confined in a 
spherical shell cavity of thickness  and volume V (see Fig. 1b). Periodic boundary conditions are imposed in all 
three dimensions to obtain the bulk structure of the DBCPs. For the 3-D spherical shell confinement case, there 
is no periodic boundary condition in any direction in the calculation. 

 

          
 

Fig. 1  Schematic illustration of 3-D spherical shell confinement 
r is the radius of the spherical solid, and R is the radius of the homocentric sphere;  
 is the value of the shell thickness. 

 

We employ the self-consistent field theory (SCFT) to study the morphology of lamella-forming DBCPs 
confined in a spherical shell cavity. The SCFT is a successful theoretical method for investigation of block 
copolymer phase diagrams. The real-space approach scheme introduced by Fredrickson and Drolet[4547] in 
solving self-consistent equations is employed in this study. For DBCPs melts under confinement, the SCFT free 
energy per chain in the unit of kBT has the form 
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where A(B) is the self-consistent field originated from the repulsion interactions between A-block and B-block 
described by AB, and hsA(B) represents the surface field that the inner surface of the confinement acts on A(B) 
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monomer. The denotation P is a Lagrange multiplier that ensures the system incompressibility. A(B) is the 
corresponding monomer density field normalized by the local volume fractions of blocks. For the polymer, 
densities should approach zero at the confinement surface, we generalize incompressibility constraint to 0 = A 
+ B, 0 is the total monomer density, and simplify the form 
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hsA(B) represents the surface preference, reflecting surface-polymer interactions between the surface and A(B) 
blocks that located on the lattices next to the surface. For simplicity, the surface-polymer interaction potential is 
assumed to be short-ranged and is represented by the following contact interactions: 
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where HA(B) is the strength of the surface field, which has the same unit as the Flory-Huggins interaction 
parameter AB. 

The end-segment distribution function q(r, s) gives the probability that a chain segment of contour length S 
and containing a free chain end has its “commented end” located at r. The function q(r, s) and its conjugate    
q(r, s) satisfy the following modified diffusion equations: 
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where Rg is the gyration radius for an ideal gaussian chain.  = A for 0  s  fA, and  = B for fA  s  1, with 
the initial conditions q(r, 0) = 1 and q(r, 0) = 1. The Crank-Nicholson scheme has been used for solving these 

modified diffusion equations. In Eq. (1),   )(d ,rrqQ  is the partition function of a single diblock copolymer 

chain in the mean fields. For minimizing the free energy with respect to the densities and mean fields, a series of 
SCFT equations are given below: 
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These equations can be solved self-consistently. 
In our study, the chain contour length is divided into 200 segments and the lattice constant is taken as 0.2 

Rg. For systemic comparision, five typical confinement surfaces conditions are considered by the following 
scheme:  

(1)  Neutral surface, wherein the surface has no preference for any block (HA = 0 and HB = 0, or in short       
H = 0).  
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(2)  Weak A-attractive surface, wherein the confinement surface weakly attracts A-blocks (HA = 8 and      
HB = 0). 

(3)  Strong A-attractive surface, wherein the confinement surface strongly attracts A-blocks (HA = 16 and 
HB = 0). 

(4)  Weak B-attractive surface, wherein the confinement surface weakly attracts B-blocks (HA = 0 and       
HB = 8). 

(5)  Strong B-attractive surface, wherein the confinment surface strongly attracts B-blocks (HA = 0 and            
HB = 16). 

Under different surface fields, the spherical shell cavity interspace is varied to obtain systematic self-
assembled structures of a bulk cylinder-forming DBCPs melt under spherical shell confinement. 

RESULTS AND DISCUSSION 

In this section, the morphologies of DBCPs confined in spherical shell cavity with variational interspace  and 
different surface-polymer interactions hsA(B) are presented. In the calculation, the DBCPs have a volume fraction 
of A-block fA = 0.2 and a Flory-Huggins parameter N = 40. This DBCPs, in the bulk system, form a 
hexagonally arranged cylindrical structure and have a repeat period L0

[48]. Our purpose is to clarify the 
microstructures of cylinder-forming DBCPs confined in a closed spherical shell cavity with different  and 
hsA(B). Here hsA(B) represents surface-polymer interaction between the homocentric sphere surface and A(B)-
block. Another surface-polymer interaction between the spherical solid surface and A(B)-block is ignored. For 
comparability, we fix the inner sphere radius, while increase the volume of outer sphere (see Fig. 1b). The self-
assembled structures are displayed as a function of confinement factor /L0. The final morphologies are 
summarized in Fig. 2, where only the A-blocks are shown for clarity. 

 
Fig. 2  Spherical shell confinement induced microstructures of the cylinder-forming DBCPs under different 
surface fields as a function of confinement dimension /L0 (shell thickness  versus polymer repeat period L0) 
Only A-blocks are shown, and inner structures are shown under the full structures by cut views. 

Neutral Surface (HA(B) = 0) 
In the neutral surface case, the DBCPs undergo self-assembly under the pure confinement conditions without 
surface field influence. As shown in the first row of Fig. 2, the morphologies for this case are very complex. As 
a matter of convenience, we classify the overall morphologies in terms of the number of A-monolayers (the 
monolayer structure formed by A-blocks). Most of them have two-layer structures, namely inner layer (A-
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monolayer pasted on the spherical solid) and outer layer (A-monolayer pasted on the homocentric sphere). But a 
few of them are only one-layer structure (/L0  0.59). We also noticed that, in the two-layer structures, the inner 
layer is incomplete until /L0  0.77, and the outer layer is inconstant in his morphostructure. 

Besides the polytrope structures of the outer layer in different confinement factors /L0, as shown in the 
first row of Fig. 2, the outer layer has the common ground that they are all made up of droplets, shorter 
cylinders, circles and strips. As the values of /L0 is small, there is only an outer layer. First three structures are 
made up of six regular A-block droplets with a closed net or twelve shorter cylinders or another six droplets. 
The fourth is made up of twelve small A-block droplets and a closed net. The remaining space is filled with B-
blocks. With the confining space volume increase, the inner layer structure appears. At the values of 0.64  /L0 
 0.73, the inner layers are incomplete and the outer layers are netted texture with six droplets, with one 
exception. At /L0 = 0.64, the outer layer structure is made up of six four-petal and six three-petal flowers, such 
flower-structure (FS) is not reported before. With the increase of /L0, the inner layers form a complete spherical 
surface covering the spherical solid except the last one. When the volume /L0 reaches 1.18, the computer 
performance reaches the limit in our calculation. This anomaly can be seen again under B-attractive surface field 
case. Let us turn back to the outer layer structures, very complex morphologies are observed. Such as a structure 
with six A-droplets, shorter cylinders and sector-structures (SS) at /L0 = 0.77. Structures are made up of all 
droplets (/L0 = 0.82, 0.91, 0.95) or involuted net with droplets (/L0 = 1.09). At /L0 = 1.04, the outer layer 
structure is made up of six circles and six stripes. A similar morphology has been observed in literature[49]. 
These stripes also can change into shorter cylinders, such as at /L0 = 1.14. At /L0 = 1.00, when the size of the 
confined space is equal to a polymer period, the outer layer structure is found to be an almost closed perforated 
homocentric sphere with six symmetrically arranged A-block droplets. This morphology is a kind of perforated 
lamellae (PL) in some degree. At the largest value of /L0 = 1.18, the outer layer structure is very different from 
the others, as shown in the first row of Fig. 2. It is made up of cylinders wrapping around the sphere. This 
morphology is similar to parallel cylinders (C‖ ) in Ref. [50]. These rich morphologies can be generally 
understood by the competition effects of the confinement-induced entropy. 

A-Attractive Surface (HA < 0)  
Here the confinement surfaces attracting A-blocks (HA < 0, HB = 0) are considered. It is observed that the 
morphilogies of this section are similar to the neutral surface cases. The confinement dimension /L0 for the 
formation of similar multilayer structures is the same: one layer and two layers structure, as shown in the second 
(HA = 8) and third (HA = 16) rows of Fig. 2. In A-attractive surface cases, the inner layer structures could also 
be considered as an incomplete sphere, or an empty sphere, which are similar to those in neutral surface cases. 
The outside layer structures in these cases, owing to the surface preference effect, have their own characteristics. 

As exhibited in some local details, the surface fields' effects on the equilibrium structure under 3-D 
spherical shell confinement are rather complicated. For example, at /L0 = 0.54, the droplets structure under a 
neutral surface field is keeping its feature under weak A-attractive surface field. But under strong A-attractive 
surface field, they are reconstructed to be almost closed spherical surface with small perforation (PL). A similar 
evolutionary behavior occurs at /L0 = 0.59. On the other hand, at /L0 = 1.00, the C‖ structure under a neutral 
surface field changed into droplets and net structure under A-attractive surface fields, as Fig. 3 shows, for both 
strong (HA = 16) and weak (HA = 8) fields. Furthermore, structures could remain unaffected under different 
surface fields, such as the structures at /L0 = 0.45 and 1.09. It is noted that the reason for structure adjustment 
or unchangement under different surface fields could be attributed to the effect of confinement on the self-
assembly process. We believe that, in some lenient frustration condition, the equilibrium structure is easily 
reconstructed by the surface field; thus the copolymer chains could adjust themselves to adapt to the surface 
preference. However, in some severe frustration condition, the equilibrium structure is highly strengthened; as a 
result, the surface field could hardly affect the self-assembled structure. 

There are some fanciful morphologies under weak A-attractive surface field. For example, at /L0 = 0.68 
and 0.86, the outer layer structures are made up of eight circle-petal flowers. At /L0 = 0.82, it is made up of six 
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ring cookies and eight triplets. While at /L0 = 1.04, those eight triplets join together to form a intricate net 
structure. Here these novel morphologies are first reported. A typical morphology appeared at /L0 = 1.18, a 
classical single perforated lamellae (PL). Under strong A-attractive surface field, an unique morphology of split-
leaf net structure appeared at /L0 = 0.95. It was not reported before. Other morphologies under strong A-
attractive surface field are similar to those under weak A-attractive case. 

 

 
Fig. 3  A(B)-block structure at /L0 = 1.00, HA < 0, HB = 0
The color bar shows the density values. 

B-Attractive Surface (HB < 0) 
Li and Wickham studied the DBCPs self-assembly under 2-D cylindrical confinement, and found that the 
cylinder-forming DBCPs systems experienced similar phase behaviors in all kinds of surface field cases, 
indicating that self-assembled structures under an A-attractive surface field also appeared under a B-attractive 
surface field or a neutral surface field. On the contrary, our research discovered that in spherical shell 
confinement self-assembled structures under a B-attractive surface were different from those under neutral and 
A-attractive surface fields. 

In the weak B-attractive surface case (HB = 8), the equilibrium structures are shown in the fourth row of 
Fig. 2. It was observed that A-blocks were repelled from the surface comparing with the neutral surface and A-
attractive surface cases. At the small confining space /L0  0.59, A-blocks formed droplets and shorter 
cylinders directed along the diameter. While at /L0  0.64, an inner layer structure, covering the spherical solid, 
appeared. The surfaces of these inner layers are glossy. But rugged inner surfaces are also observed at /L0 = 
0.64, and 1.18. What's more, at/L0 = 0.64, 0.68, their unique structures of the inner layers are not sphere but 
cubic. At /L0 = 0.73, there is another distinctive structure. Namely, the inner layer structure is disunited and 
directed along the diameter, forming shorter laces structure. At 0.77  /L0  0.95, the outer layer structures are 
made up of droplets in a certain range except at /L0 = 0.86, where it is made up of eight circle-petal flowers. 
This circle-petal flowers structure has appeared under weak and strong A-attractive surface field at the same 
confinement conditions. When the confinement space is larger than /L0 = 1.00, the circle-petal changes into 
large circle and the pistil becomes a small droplet in Fig. 4. Because of the small confinement, its outer layer 
structure is made up of six circles, not eight, with six small droplets in the centre. A similar structure appeared at 
/L0 = 1.14, because the space is larger, there are eight droplets inlayed between the six circles. Droplets and 
ribbons structure appeared at /L0 = 1.09 and 1.18. These morphologies are very different from those under 
neutral and A-attractive surface fields. 
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The self-assembled structures under a strong B-attractive surface fields (HB = 16) are exhibited in the fifth 
row of Fig. 2. By careful inspection of those morphologies, it is found that the phase behaviors are very distinct 
comparing with the above case. In other words, the structures are extremely terse under the case of strong B-
attractive surface fields. For example, at /L0  0.68, the equilibrium structures are sleek homocentric spheres 
except the first one (/L0 = 0.45). The structure of the first one is rough and uneven in surface. At 0.73  /L0  
0.91, the structures are made up of droplets in a certain range. While at /L0  0.95, a number of A-block 
copolymer spheres arrange themselves in layers to form the outer layer. Pinna et al. observed a similar spherical 
morphology in their study[50]. However, as exhibited in some local details, there are two exceptions. The first 
one appears at /L0 = 1.00. Its outer layer structure is made up of six circles and six droplets in the centre of the 
circles. The second one is found at /L0 = 1.04. Its outer layer structure is also made up of six circles and eight 
triplets, but there are no droplets in the center of the circles. These two typical structures appear under weak B-
attractive surface field and strong case at the same confinement conditions. 

 

 
 

Fig. 4  A(B)-block structure at /L0 = 1.00, HA = 0, HB < 0 
The color bar shows the density values. 

CONCLUSIONS 

Using SCFT we performed systematic analysis of cylinder-forming DBCPs confined in a spherical shell cavity. 
The observed structures are controlled by the interplay of two factors: confinement dimension /L0 and affinity 
of the spherical surface to the copolymer blocks (HA, HB). That leads to the formation of many structures which 
are not present in the bulk or other 1-D or 2-D confinement geometries. The self-assembled structures under B-
attractive surface fields are clearly different from those observed under neutral and A-attractive surface fields. 
These rich morphologies can be generally understood by the competition effects of the surface-copolymer 
interaction energy and confinement-induced entropy. 
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