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Abstract

The morphologies of Am1B2nAm2 and AmBnCp triblock copolymer melt films confined between two hard walls are investigated via Monte

Carlo simulations on simple cubic lattices. Depending upon the thickness of the film, parallel, perforated, mesh-like and normal lamellae can

occur in A5B10A5 melts. Consequently, no sudden transition occurs between the parallel and normal lamellae. The ratio m1=m2 also affects

the morphology of the Am1B2nAm2 melts. As the ratio is decreased, the microdomains become softer and the boundaries between different

phases less sharp. In the AmBnCm systems, lamellar morphologies are present in a wide composition range, when the interaction energies

between them and between each of them and vacancies (V) eAB ¼ eAC ¼ eBC ¼ 0:3; eAV ¼ eBV ¼ eCV ¼ 0; eAA ¼ eBB ¼ eCC ¼ eVV ¼ 0

and the walls are neutral. By increasing the interactions between different kinds of segments from 0.3 to 1, major changes in morphology take

place. The preference of the walls for various blocks greatly affects the morphologies and orientations of the microdomains. q 2002
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1. Introduction

In the past decades, the morphologies and phase

transitions of block copolymers in bulk have been

extensively investigated [1–3]. The chemical bonding of

the distinct blocks prevents any macrophase separations;

instead, microphase separations at the nano-meter scale

occur. The competition between the interaction energies and

conformational entropy leads to a variety of complex

microstructures at the nano-scale level, dependent on

composition and temperature.

Recently, there has been a great deal of interest in

studying the thin films of block copolymers, because they

can be used as templates for nano-materials [4,5]; it is,

therefore, important to understand the pattern formation in

such films [6–8]. For the symmetrical AmBm diblock

copolymer films, the structural periodicity and the orien-

tation of the lamellae have been examined in a number of

papers [9–12]. The thickness and the strength of the

interactions between the walls and segments have been

generally considered as key factors. To control the

interactions between surfaces and segments, Huang et al.

[13] and Kellogg et al. [14], who investigated experimen-

tally the symmetrical diblock copolymer films confined

between two walls, covered the substrates with a random

copolymer. The results revealed the existence of lamellae

normal to the walls when the latter were neutral. However,

parallel lamellae were formed between the two walls when

the latter preferred any one of the blocks. Employing Monte

Carlo simulations, Sommer et al. [12], Geisinger et al. [15]

and Wang et al. [16] studied the microphase structures of

diblock copolymers both in bulk and as confined thin films.

Their results indicated that lamellar phases occurred in both

cases; they were normal to the walls for thin films with

neutral walls. Wang et al. noted [16] that for walls that

prefer any one of the blocks, the orientation in the film was

strongly dependent on the thickness of the film. Matsen [17]

employed a self-consistent field approach (SCFT) to

examine the stability of parallel, normal, and mixed lamellar

phases of confined films of symmetric diblock copolymers.

He pointed out that the mixed morphology was slightly

unstable in symmetric systems. He also predicted that a

stable mixed phase could be formed when a small

spontaneous curvature of the A/B interface was generated

by an asymmetry in the molecule ( f the segment fraction of

block A is not equal to 0.5). Besides the symmetry of the

diblock system, an external field also affected the micro-

structure of the asymmetric diblocks. Wang et al. [18] noted

that perpendicular cylinders could readily be formed
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between two hard surfaces that had a slight energetic

preference for the longer blocks. However, parallel

cylinders were formed in their simulations when the

preference for the longer block became stronger.

In contrast to the diblock systems, much less work was

performed on the microstructure of Am1B2nAm2 triblock

melt systems, since it was considered that their mor-

phologies were similar to the AmBn ðm ¼ ðm1 þ m2Þ=2Þ

diblock ones [19]. Most studies about the Am1B2nAm2

triblock systems were focused on the loop and bridging

fractions chains [20–23]. In experiments regarding the

symmetrical triblock systems (AmB2nAm), Mai et al. [24]

found that the lamellar phase of the triblock copolymers was

10% more stretched than that of the corresponding diblock

copolymers obtained by splitting the triblock into two

diblock ones. Suh et al. [25] noted that the orientation of the

cylinders in a confined film was dependent on the film

thickness and surface tension. Van Dijk and Van den Berg

[26] observed P(styrene) cylinders parallel to the walls in

relatively thick (140 nm) films of P(styrene-b-butadiene-b-

styrene) triblock copolymers, and normal to the walls in thin

(42 nm) films. Konrad et al. [27] observed mixed mor-

phologies containing both parallel and normal cylinders in

films of nonuniform thicknesses. Using a self-consistent

field theory (SCFT) approach, Matsen et al. [19,28]

investigated the bulk symmetric AmB2nAm and asymmetric

Am1B2nAm2 systems. Their calculations indicated that the

triblocks melts remained more ordered at high temperatures

than their corresponding diblock counterparts.

Since the microphase separation in AmBnCp triblock

systems depends on a large number of parameters, its phase

behavior is much more complex than that of the AmBn and

Am1B2nAm2 systems. However, the AmBnCp systems have

the potential to become much more useful than the AmBn

and Am1B2nAm2 ones because of the numerous distinct

morphologies they possess. Nakazawa and Ohta [29]

investigated the microphase separation of the symmetric

AmBnCp triblock copolymers ðm ¼ pÞ in the strong

segregation limit, by extending their theory for the AmBn

copolymers. By applying the density functional theory

combined with the Ohta-Kawasaki free energy expression to

the AmBnCp triblock copolymers, Zheng and Wang [30]

identified 11 morphologies. Matsen [31] applied the SCFT

to the symmetric AmBnCm triblock copolymers, where the A

and C blocks were equal in size and the A/B and B/C

interactions were the same. Drolet and Fredrickson [32]

proposed a numerical implementation of the self-consistent

mean field theory involving the parallel screening of self-

assembly in complex block copolymer systems. It is

interesting to note that the AmB2nCp linear triblocks readily

produced the ‘three-color’ (ABCCBA…) lamellar phase,

but the Am1B2nCpAm2 architecture did not generate three-

color lamellae for the same parameter values. Bohbot-Raviv

and Wang [33] presented a new implementation of the

SCFT to the block copolymer melts. Using the new method,

they found several new stable and metastable microdomain

morphologies in the AmBnCp melts. Because of the

Scheme 1. Motion model.

Fig. 1. The triblock copolymer Am1B2nAm2 ðm1 , m2Þ:
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complexity of the AmBnCp systems, one cannot describe

with complete accuracy their microphase separations.

Regarding the experimental side, most of the work was

focused on the bulk morphologies [34–38]. Matsushita et al.

[34] examined the isoprene-b-styrene-b-2-vinylpyridine

(ISP) triblock copolymer, with volume fractions of the

three components 0.26, 0.48, 0.26, respectively, and

identified a tricontinuous structure. Using the same system,

Suzuki et al. [35] identified by transmission electron

microscopy and small-angle X-ray scattering microdomains

with a tricontinuous double-gyroid structure. Shefelbine

et al. [36] examined the asymmetric isoprene-b-styrene-b-

dimethylsiloxane (ISD) triblock copolymer with volume

fractions of 0.40, 0.41, 0.19, respectively, and found a core–

shell gyroid morphology. The same morphology was

identified by Hückstädt et al. [37] for styrene-b-1,2-

butadiene-b-2-vinylpryidine (SBV) triblock copolymer

with volume fractions of 0.14, 0.37, 0.49, respectively.

Breiner et al. [38] observed a transformation from a lamellar

to a knitting pattern morphology when the sample styrene-b-

butadiene-b-methyl methacrylate (SBM) with volume

fractions of 0.35, 0.27, 0.38, respectively, was hydrogen-

ated. Using scanning force microscopy, Elbs et al. [39]

investigated the styrene-b-2-vinylpyridine-b-tert-butyl

methacrylate melt films and obtained results in agreement

with the Pickett and Balazs self-consistent-field calculations

[40].

In this paper, Monte Carlo simulations will be used to

examine the microphase morphologies of the Am1B2nAm2

and AmBnCp melt thin films. The paper is organized as

follows. In Section 2, a modified bond-fluctuation and

vacancy diffusion Monte Carlo algorithm will be described.

In Section 3, the microphase morphologies of the Am1B2nAm2

triblock melt films will be examined, with the emphasis on

the effect of the thickness of the films. In Section 4, the

microphase morphologies of the AmBnCp triblock thin films

Fig. 2. (I) Microphase morphologies for various thicknesses of the symmetric A5B10A5 for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and

eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) LZ ¼ 21; (b) LZ ¼ 17; (c) LZ ¼ 16; (d) LZ ¼ 15; (e) LZ ¼ 14; (f) LZ ¼ 13;

(g) LZ ¼ 12; (h) LZ ¼ 11; (i) LZ ¼ 10: (II) Microphase morphologies of A segments for various thicknesses of the symmetric A5B10A5 for eSA ¼ eSV ¼ 0;

eSB ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: (a) LZ ¼ 21; (b) LZ ¼ 17; (c) LZ ¼ 16; (d) LZ ¼ 15; (e) LZ ¼ 14; (f) LZ ¼ 13; (g)

LZ ¼ 12; (h) LZ ¼ 11; (i) LZ ¼ 10:
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Fig. 3. (I) Microphase morphologies for various thicknesses of the symmetric A4B12A4 for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and

eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) LZ ¼ 21; (b) LZ ¼ 17; (c) LZ ¼ 15; (d) LZ ¼ 14; (e) LZ ¼ 13; (f) LZ ¼ 12;

(g) LZ ¼ 11: (II) Microphase morphologies of A segments for various thicknesses of the symmetric A4B12A4 for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: (a) LZ ¼ 21; (b) LZ ¼ 17; (c) LZ ¼ 15; (d) LZ ¼ 14; (e) LZ ¼ 13; (f) LZ ¼ 12; (g) LZ ¼ 11:

   

Fig. 4. Microphase morphologies for triblock copolymers with various m1=m2 ratios between two hard walls for eSB ¼ eSV ¼ 0; eSA ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) A1B10A9, (b) A2B10A8, (c) A3B10A7, (d) A4B10A6, (e)

A5B10A5.
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will be presented. In Section 5, we will discuss the effect of

the length of the chain. Section 6 will summarize the

conclusions.

2. The Monte Carlo simulation algorithm

A cubic lattice model will be used in the simulations.

Because of the high concentrations involved, the algorithms

that have been successfully employed for dilute polymer

solutions could not be effectively extended to the present

cases. Larson et al. proposed for the two-dimensional case,

the bond fluctuation model [41]. One or several segments

were first selected as masters of the motion, followed by the

exchange of their positions with vacancies. This kind of

exchange is, however, greatly decreased when the bead

concentration is high and the number of vacancies is small,

because of the low probability to find a vacancy near a

selected segment. To improve the efficiency of the

simulation, Reiter proposed a free volume diffusion model

Fig. 5. Density distribution of A segments along the Z-axis for walls that prefer to A segments; eSB ¼ eSV ¼ 0; eSA ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and

eAA ¼ eBB ¼ eVV ¼ 0; (1) Density distribution of total A segments in the polymer chain; (2) density distribution of AI segments; (3) density distribution of

AII segments. (a) A1B10A9, (b) A2B10A8, (c) A3B10A7, (d) A4B10A6, (e) A5B10A5.
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[42], in which the master of motion was the vacancy, and Lu

and Yang combined the bond fluctuation and the free

volume diffusion model [43]. However, the latter combi-

nation involved among the motions, the ‘middle reptation’

(which started from a middle bead, all the beads before

being fixed) which violated the detailed balance principle

[44]. For reasons emphasized in Ref. [44], we adopted the

bond fluctuation combined with the volume diffusion

algorithm free of the middle reptation motion (Scheme 1).

3. Am1B2nAm2 triblock copolymers melt film

A cubic lattice box of size LX £ LY £ LZ ; where LX; LY

and LZ are the box dimensions in the X, Y and Z directions,

respectively, was used in the simulations. In the simulation

box, each triblock chain consisted of m1 segments AI, m2

segments AII (the A beads of the shorter block A are

denoted AI and those of the longer block A, AII) and 2n

segments B, with a total segment number r ¼ m1 þ m2 þ

2n ¼ 20 (Fig. 1). Each lattice point is occupied either by a

segment or a vacancy. The density of the system was 0.95.

In the X and Y directions, periodic boundary conditions were

adopted, while in the Z-direction, two impenetrable surfaces

were considered to be located at Z ¼ 0 and Z ¼ LZ þ 1: In

the simulations, only the nearest neighbor interactions were

taken into account, the repulsive interaction energies

between the nearest A–B neighbor segment pairs eAB was

taken 0.3, and the other nearest neighbor interaction

energies between segments A (eAA), segments B (eBB),

 

Fig. 6. Microphase morphologies for triblock copolymers with various m1=m2 ratios between two hard walls for eSB ¼ eSV ¼ 0; eSA ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) A1B12A7, (b) A2B12A6, (c) A3B12A5, (d) A4B12A4.

Fig. 7. Microphase morphologies for triblock copolymers with various m1=m2 ratios between two hard walls for eSB ¼ eSV ¼ 0; eSA ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) A1B14A5, (b) A2B14A4, (c) A3B14A3.

J. Feng, E. Ruckenstein / Polymer 43 (2002) 5775–57905780



vacancies (eVV), segments and vacancies (eAV and eBV)

were taken equal to zero. Below, the effect of the thickness

on the microstructures of the Am1B2nAm2 triblock films

confined between two walls that prefer either segment A or

B (the interaction between one kind of bead and the walls

was taken 20.3 and that between the other kind of bead and

the walls was taken 0) will be presented.

3.1. The effect of the thickness of the film on microdomain

morphologies

It is well known that the symmetric A5B10A5 triblock

copolymer melts microphase separate in bulk in nano-scale

lamellar structures as a result of the competition between the

interaction energy and the conformational entropy. How-

ever, the preference of an external field, such as that

generated by walls, for one or the other bead can change the

orientation, the shape and the scale of the microdomains.

Numerous studies [9,10,15,16] have shown experimentally

and theoretically that lamellar morphologies parallel to the

walls occurred in copolymer films confined between two

hard walls which preferred one kind of the segments of the

copolymer chain. On the other hand, lamellar microphase

morphologies normal to the walls were found in symmetric

copolymer films confined between two neutral hard walls

[12–14]. Lambooy et al. [10] observed that the thickness of

the lamellae of the diblock copolymer films fluctuated

around L0 (the thickness of the lamellae in the bulk). Wang

et al. [16] performing Monte Carlo simulations for AmBm

diblock copolymer concluded that the orientation of the

lamellar morphology was dependent on the LZ=L0 ratio

when the preference of the walls for A or B was weak. The

results obtained by us regarding the symmetric A5B10A5

triblock copolymer films of various thicknesses confined

between two hard preferential walls are presented in Fig.

2(I) and (II). These figures reveal that two rich A parallel

lamellae, perforated rich A lamellae, a mesh-like mor-

phology, normal rich A lamellae, a perforated rich A lamella

and a layer rich A lamella were formed as LZ decreased

from 21 to 10. Compared with Wang et al.’s simulations for

AmBm, regarding the effect of the thickness of the film on the

microdomain morphology, the present results show that

there are a number of complex microdomain morphologies

between the parallel and normal lamellae, hence that the

transition between the parallel and normal lamellae is not

sudden, but more continuous. Furthermore, they revealed

that the confined microdomain morphology depends on the

extent of frustration induced by the surface-block inter-

actions. Using a cell dynamical system numerical method

for a two-dimensional system, Martins et al. [6] studied the

effect of thickness on the microdomain morphology of

symmetric diblock copolymer films and identified parallel

lamellae, normal lamellae and a mixture of both. No

complex microdomain morphologies such as the mesh-like

one and the perforated lamellae were noted by them. It is

clear that the dimensionality of the system affected the

microdomain morphologies.

Fig. 3(I) and (II) examines the A4B12A4 melt films

confined between two hard walls and show that two rich A

parallel lamellae, perforated rich A lamellae, parallel rich A

cylinders, a mesh-like morphology, and a layer rich

A lamella were formed with decreasing LZ from 21 to 11.

3.2. Microstructures of Am1B2nAm2 triblock copolymers melt

films

(a) eAB ¼ 0:3; eWA ¼ 20:3; eWB ¼ 0: In this case, the

thickness between the two walls was fixed at 21. Fig. 4

shows that lamellae parallel to the walls occurred for an A

segment fraction fA of 0.5. There are small changes in the

morphologies with the variation of the ratio m1=m2; more

important modifications occurred in the A1B10A9 triblock

system, because the AI beads and the B beads next to AI

        

         

Fig. 8. Microphase morphologies for triblock copolymer with various

m1=m2 ratios between two hard walls for eSB ¼ eSV ¼ 0; eSA ¼ 20:3;

eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments;

Blue: B segments; White: vacancies; (a) A1B16A3, (b) A2B16A2.

      

        

Fig. 9. Microphase morphologies for triblock copolymer with various

m1=m2 ratios between two hard walls for eSB ¼ eSV ¼ 0; eSA ¼ 20:3;

eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments;

Blue: B segments; White: vacancies; (a) A2B18, (b) A1B18A1.
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more easily penetrated into each other rich regions. Fig. 5

presents the density distributions of the beads A (total A, AI

and AII) along the Z-axis. As shown in Fig. 5(e), the density

distributions along the Z-axis of AI and AII are the same

because of the same weight of the two blocks A. As the

asymmetry in the triblock copolymer increased, the two

curves separated. Fig. 5(a)–(d) shows that the AII beads

occupied most likely the inner part of the rich A lamellae,

while the AI beads had the tendency to accumulate at the A/

B interface. The lower the symmetry of the triblock, the

higher was the tendency of the shorter A block to move out

from the A domain. However, the unfavorable interactions

between A and B segments opposed this motion. For this

reason, the AI beads had the tendency to accumulate at the

interface between A and B, tendency that increased as the

symmetry became lower. Matsen arrived at a similar

conclusion for a bulk system via the SCFT [28].

As shown in Fig. 6, for fA ¼ 0:4; the microdomain

morphology away from the walls changed from perfo-

rated lamellae to complete lamellae as the symmetry of

the system increased. For fA ¼ 0:3 (Fig. 7), some sites on

the walls were occupied by the B beads because of the

smaller fraction of A beads in the chain and the weak

attractive interactions between the walls and the A beads.

Away from the walls, there are rich A cylindrical

microdomains. Comparing the A1B14A5 and A3B14A3

triblock copolymer films (Fig. 7), one can see that the

boundaries between various phases were slightly less

sharp in the former because the AI beads of the chain

penetrated into the rich B phase. In addition, the

microdomains became slightly softer as the symmetry

of the chain of the triblock copolymer decreased. By

decreasing fA to 0.2 (Fig. 8), rich A cylindrical

microdomains could be still observed away from the

walls, but the radius of the cylinders became smaller

than for fA ¼ 0:3: The interfaces between the rich A and

B phases were sharper for the A2B16A2 triblock than for

the A1B16A3 one. Fig. 9 reveals that, for the A1B18A1

triblock, phase separation occurred mainly near the walls.

However, in the A2B18 diblock copolymer, a complete

microphase separation occurred also in the films and not

only near the walls. This happened because the constrain

imposed by the two block-junctions of the triblock

copolymer decreased the conformational entropy com-

pared to that of a diblock copolymer of the same length

and composition.

As expected (Fig. 10(a)), NAI, the number of AI beads at

Fig. 10. (a) The relationship between fAI (the volume fraction of AI beads in the chain) and NAI (the number of AI beads at the A/B interfaces) for

eSB ¼ eSV ¼ 0; eSA ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: (b) The relationship between fAI and PAI (the ratio of the number of AI

beads at the A/B interface to the total AI beads) for eSB ¼ eSV ¼ 0; eSA ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0; V: fA ¼ 0.5; K:

fA ¼ 0.4; £ : fA ¼ 0.3; A: fA ¼ 0.2.

Fig. 11. The ratio PAI – W of occupancy of AI beads at the walls ( fAI is the

ratio of AI beads in the chain) for eSB ¼ eSV ¼ 0; eSA ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0; V: fA ¼ 0.5; K: fA ¼ 0.4; £ :

fA ¼ 0.3; A: fA ¼ 0.2.
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the A/B interface, increased as the fraction of A beads

increased. A bead A was considered located at the above

interface, when it contacted at least one bead B. For the

same fraction of AI beads in the chains and regardless of the

fraction of total A segments in the system, there were nearly

the same number of beads AI at the A/B interface. Even

though the number of AI beads located at the A/B interface

increased as the fraction of AI beads in the chain increased

(Fig. 10(b)), the ratio between the number of AI beads at the

A/B interfaces to that of the total AI beads decreased. This

indicates that the increase in the ratio m1=m2 reduced the

ratio of AI beads at the A/B interfaces to the total AI beads.

For fA ¼ 0:2 (Fig. 10(b)), most of the AI beads were located

at the A/B interface because of the small size of the

microdomains A and because almost every A bead

contacted B beads. Fig. 11 shows that the percentage of

AI segments at the walls increased when the fA increased at

constant fAI. The ratio of m1=m2 of the system decreased

and for this reason the fraction of AI segments located at the

wall became smaller.

(b) eAB ¼ 0:3; eWA ¼ 0; eWB ¼ 20:3: As shown in

Fig. 12, the morphologies for fA ¼ 0:5 were lamellar, and

rich B layers were located near the walls because of the

preference of the walls for the B segments. For reasons

similar to those mentioned in the previous section, in the

asymmetric triblock copolymer, the AI segments could

easily penetrate into the rich B microdomain. For instance,

for the A1B10A9 triblock copolymer, several AI beads were

located on the walls for eWB ¼ 20:3 and eWA ¼ 0: Fig. 13

reveals that the likelihood for the AI segments to be located

at the A/B interfaces (the ratio between those located at the

A/B interface and their total number) was larger than that

for the AII segments. This occurred because the AI

segments were less constrained than the AII ones. The

lower the symmetry of the chain, the greater was the above

tendency. As shown in Fig. 14, when fA was decreased from

0.5 to 0.4, the lamellar morphology still persisted for the

symmetric A4B12A4 triblock copolymer. However, as the

ratio m1=m2 decreased, the boundary between the micro-

domains A and B became less sharp and the rich A

microdomains changed to perforated lamellae. Furthermore,

a number of A beads became located at the walls, as the ratio

of m1=m2 of the chain decreased. Fig. 15(b) and (c) shows

that in the A2B14A4 and A3B14A3 triblock films, two series

of rich A cylinders normal to each other and parallel to

the walls were formed. In the A1B14A5 triblock films

(Fig. 15(a)), the two series of cylinders were no longer

present; instead, irregular A microdomains appeared. When

fA was further decreased to 0.2 (Fig. 16), the rich A

cylinders parallel to the walls changed to normal cylinders,

particularly for the A1B16A3 triblock films. Fig. 17 shows

that, compared to the A2B18 diblock copolymer films, no

phase separation occurred in the A1B18A1 triblock films,

which possessed a more random structure.

As shown in Fig. 18, as the fraction of AI beads in the

chain increased, the number of AI beads at the A/B interface

also increased, but their fraction at interface with respect to

the total number decreased. By comparing Figs. 18 and 10,

one can conclude that for the same composition and

molecular architecture, the number of AI beads at the A/B

interface for walls that preferred the B segments was smaller

than for those which preferred the A segments. Fig. 19

indicates that the AI segments could easily penetrate into the

rich B lamellae near the walls when AI possessed a single A

bead.

4. The microstructures of the AmBnCp triblock

copolymers melt film

No complete examination of the morphologies of the

AmBnCp triblock copolymer melts was yet carried out

 

 

Fig. 12. Microphase morphologies for triblock copolymer with various m1=m2 ratios between two hard walls for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) A1B10A9, (b) A2B10A8, (c) A3B10A7, (d) A4B10A6, (e)

A5B10A5.
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because of its complexity. In this section, the morphologies

of the symmetric AmBnCp triblock copolymer films, with

m ¼ p and m þ n þ p ¼ 15; confined between two hard

walls, will be presented.

4.1. Ultra-thin films with LZ ¼ 3

Phan and Fredrickson [45] concluded that for 0 # fB #

0:69; the bulk triblock copolymer melts exhibit lamellar

structures. Fig. 20 for an ultra-thin film shows that, for

eAB ¼ eAC ¼ eBC ¼ 0:3; eAV ¼ eBV ¼ eCV ¼ 0; eAA ¼

eBB ¼ eCC ¼ eVV ¼ 0; and neutral walls, ABCCBA type

lamellae were generated in the A3B9C3, A4B7C4, A5B5C5

and A6B3C6 systems and microdomains consisting of A and

C beads were dispersed into a B continuous phase in the

A2B11C2 system. Matsen [31] concluded that, as in the

diblock melts, the composition of the triblock ones controls

the bulk morphology and that the interactions affect mainly

the extent of segregation. In contrast, Breiner et al. [38]

pointed out that not only the composition but also the

relative incompatibilities between the segments affect the

bulk morphologies. As shown in Fig. 21, the morphology of

Fig. 13. Density distribution of A segments along the Z-axis for walls which prefer B segments; (1) Density distribution of total A segments in polymer chain;

(2) density distribution of AI segments; (3) density distribution of AII segments. (a) A1B10A9, (b) A2B10A8, (c) A3B10A7, (d) A4B10A6, (e) A5B10A5.
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an ultra-thin film exhibited major changes and the

ABCCBA lamellae disappeared when eAB, eAC and eBC

were increased from 0.3 to unity. For A7B3C7 with eAC ¼

0:1 and eAB ¼ eBC ¼ 0:5 (Fig. 22(a)), a ‘tricolor checker-

board-like’ morphology was formed, while for the A2B2C9

system with eAC ¼ 0:5 and eAB ¼ eBC ¼ 0:1; A micro-

domains encircled by B segments were dispersed in the C

continuous phase (Fig. 22(b)).

4.2. LZ ¼ 20

To examine the effect of the walls on the morphology,

various interaction energies between the walls and the

copolymer segments were considered. For neutral walls

(Fig. 23), alternate ABCCBA lamellae normal to the walls

were generated. When the wall placed at Z ¼ 0 attracted the

A segments ðeS0A ¼ 20:3; eS0B ¼ 0; eS0C ¼ 0Þ and that

placed at Z ¼ 21 attracted the C segments ðeS21A ¼ 0;

eS21B ¼ 0; eS21C ¼ 20:3Þ; alternate ABCCBA lamellae

parallel to the walls were formed (Fig. 24(a)) with A and

C segments covering the walls at Z ¼ 0 and 21, respect-

ively. By increasing the strength of the attraction of the

walls for the A and C segments to eS0A ¼ 21 and eS21C ¼

21; the morphology remained unchanged (Fig. 24(d)).

When both walls attracted the A segments ðeS0A ¼ eS21A ¼

20:3; eS0B ¼ eS21B ¼ eS0C ¼ eS21C ¼ 0Þ; they were occu-

pied by them (Fig. 24(c)). However, the morphology away

from the walls became irregular because of the frustration

induced by the walls. By increasing eS0A and eS21A to 21,

the two walls became more strongly occupied by A

(Fig. 24(f)). It should be noted that, when the walls

preferred B ðeS0B ¼ eS21B ¼ 20:3; eS0A ¼ eS21A ¼ eS0C ¼

eS21C ¼ 0Þ; the ABCCBA lamellar structure persisted

because of the special location of the block B in the chain

(Fig. 24(b)). As the preference of the wall for the B

segments increased, the A and C segments were gradually

 
 

 
 

Fig. 14. Microphase morphologies for triblock copolymers with various m1=m2 ratios between two hard walls for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) A1B12A7, (b) A2B12A6, (c) A3B12A5, (d) A4B12A4.

 

Fig. 15. Microphase morphologies for triblock copolymers with various m1=m2 ratios between two hard walls for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B segments; White: vacancies; (a) A1B14A5, (b) A2B14A4, (c) A3B14A3.

J. Feng, E. Ruckenstein / Polymer 43 (2002) 5775–5790 5785



expelled. For eS0B ¼ eS21B ¼ 21; the two walls were

mainly occupied by the B segments and normal micro-

domains were formed away from the two walls (Fig. 24(e)).

When the eS0B and eS21B were strengthen to 22.0, the A

and C segments were removed from the two walls

completely, but the microdomain morphologies away from

the two walls remained unchanged (Fig. 25). On the basis of

the SCFT, Pickett and Balazs [40] arrived at the same

conclusions. Furthermore, Elbs et al. [39] observed

experimentally such structures for the P(styrene-b-2-vinyl-

pyridine-b-tert-butyl methacrylate) films.

5. The effect of the length of the chain

In order to evaluate the effect of the length of the polymer

chain, simulations have also been carried out with the chains

A10B20A10 and A10B10C10 and the results obtained are

presented in Figs. 26 and 27, where they are compared to

those obtained for A5B10A5 and A5B5C5, respectively. The

comparison reveals that the morphologies are the same, but,

as expected, the sizes of the microdomains are different.

Fig. 17. Microphase morphologies for copolymers with various architec-

tures between two hard walls for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3;

eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments; Blue: B

segments; White: vacancies; (a) A2B18, (b) A1B18A1.

Fig. 18. (a) The relationship between fAI (the volume fraction of AI beads in the chain) and NAI (the number of AI beads at the A/B interface) for

eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: (b) The relationship between fAI and PAI (the ratio of the number of AI

beads at the A/B interfaces to the total AI beads) for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0; V: fA ¼ 0.5; K:

fA ¼ 0.4; £ : fA ¼ 0.3; A: fA ¼ 0.2.

Fig. 16. Microphase morphologies for triblock copolymers with various

m1=m2 ratios between two hard walls for eSA ¼ eSV ¼ 0; eSB ¼ 20:3;

eAB ¼ 0:3; eAV ¼ eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0: Red: A segments;

Blue: B segments; White: vacancies; (a) A1B16A3, (b) A2B16A2.

Fig. 19. The ratio of occupancies of AI beads at the walls ( fAI is the ratio of

AI beads in the chain) for eSA ¼ eSV ¼ 0; eSB ¼ 20:3; eAB ¼ 0:3; eAV ¼

eBV ¼ 0 and eAA ¼ eBB ¼ eVV ¼ 0; V: fA ¼ 0.5; K: fA ¼ 0.4; £ :

fA ¼ 0.3; A: fA ¼ 0.2.
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Fig. 20. Microdomain morphologies of the symmetric AmBnCm triblock copolymers for an ultra-thin film ðLZ ¼ 3Þ and eAB ¼ eAC ¼ eBC ¼ 0:3; eAA ¼

eBB ¼ eCC ¼ eVV ¼ 0; eAV ¼ eBV ¼ eCV ¼ 0; and eSA ¼ eSB ¼ eSC ¼ eSV ¼ 0; Red: A segments; Blue: B segments; Green: C segments; White: vacancies;

(a) A2B11C2, (b) A3B9C3, (c) A4B7C4, (d) A5B5C5, (e) A6B3C6.

Fig. 21. Microdomain morphologies of the symmetric AmBnCm triblock copolymers for an ultra-thin film ðLZ ¼ 3Þ and eAB ¼ eAC ¼ eBC ¼ 1; eAA ¼ eBB ¼

eCC ¼ eVV ¼ 0; eAV ¼ eBV ¼ eCV ¼ 0 and eSA ¼ eSB ¼ eSC ¼ eSV ¼ 0; Red: A segments; Blue: B segments; Green: C segments; White: vacancies; (a)

A2B11C2, (b) A3B9C3, (c) A4B7C4, (d) A5B5C5, (e) A6B3C6.

Fig. 22. Microdomain morphologies of AmBnC triblock copolymers for an

ultra-thin film ðLZ ¼ 3Þ and eAA ¼ eBB ¼ eCC ¼ eVV ¼ 0; eAV ¼ eBV ¼

eCV ¼ 0; and eSA ¼ eSB ¼ eSC ¼ eSV ¼ 0; Red: A segments; Blue: B

segments; Green: C segments; White: vacancies; (a) A7B3C7 with eAC ¼

0:1 and eAB ¼ eBC ¼ 0:5; (b) A2B2C9 with eAC ¼ 0:5 and eAB ¼ eBC ¼

0:1:

Fig. 23. Microdomain morphology of an A5B5C5 triblock copolymers film

confined between two neutral walls for eAB ¼ eAC ¼ eBC ¼ 0:3; eAA ¼

eBB ¼ eCC ¼ eVV ¼ 0; eAV ¼ eBV ¼ eCV ¼ 0 and eSA ¼ eSB ¼ eSC ¼

eSV ¼ 0; Red: A segments; Blue: B segments; Green: C segments; White:

vacancies.
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6. Conclusions

In this paper, the morphologies of the Am1B2nAm2 and

AmBnCp triblock copolymer films confined between two

hard walls were investigated via Monte Carlo simulations

on a simple cubic lattice. The simulation results are in

agreement with the self-consistent field theoretical results

from Refs. [28,40].

The simulations revealed that the confined morphology

was dependent on the extent of frustration induced by the

wall-block interactions. When the thickness of the films was

changed, several morphologies, such as parallel lamellae,

perforated lamellae, mesh-like morphologies and normal

lamellae were successively generated. The symmetry of the

Am1B2nAm2 triblock copolymer chain also affected the

morphology and distribution of the beads. As the symmetry

with respect to A was reduced, the microdomains became

softer and the boundaries between different phases became

 

Fig. 24. Microdomain morphologies of A5B5C5 triblock copolymers films for various wall conditions and eAB ¼ eAC ¼ eBC ¼ 0:3; eAA ¼ eBB ¼ eCC ¼

eVV ¼ 0; eAV ¼ eBV ¼ eCV ¼ 0; Red: A segments; Blue: B segments; Green: C segments; White: vacancies; (a) eS0A ¼ 20:3; eS0B ¼ eS0C ¼ 0; eS21C ¼

20:3; eS21A ¼ eS21B ¼ 0; (b) eS0B ¼ eS21B ¼ 20:3; eS0A ¼ eS0C ¼ 0; eS21A ¼ eS21C ¼ 0; (c) eS0A ¼ eS21A ¼ 20:3; eS0B ¼ eS0C ¼ 0; eS21B ¼ eS21C ¼ 0;

(d) eS0A ¼ 21; eS0B ¼ eS0C ¼ 0; eS21C ¼ 21; eS21A ¼ eS21B ¼ 0; (e) eS0B ¼ eS21B ¼ 21; eS0A ¼ eS0C ¼ 0; eS21A ¼ eS21C ¼ 0; (f) eS0A ¼ eS21A ¼ 21;

eS0B ¼ eS0C ¼ 0; eS21B ¼ eS21C ¼ 0:

 

Fig. 25. Microdomain morphologies of A5B5C5 triblock copolymers films for various wall conditions and eAB ¼ eAC ¼ eBC ¼ 0:3; eAA ¼ eBB ¼ eCC ¼

eVV ¼ 0; eAV ¼ eBV ¼ eCV ¼ 0; eSA ¼ eSB ¼ eSC ¼ eSV ¼ 0; Red: A segments; Blue: B segments; Green: C segments; White: vacancies. (a) eS0B ¼

eS21B ¼ 20:3; eS0A ¼ eS0C ¼ 0; eS21A ¼ eS21C ¼ 0; (b) eS0B ¼ eS21B ¼ 21; eS0A ¼ eS0C ¼ 0; eS21A ¼ eS21C ¼ 0; (c) eS0B ¼ eS21B ¼ 22; eS0A ¼ eS0C ¼

0; eS21A ¼ eS21C ¼ 0:
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less sharp. Matsen [28] arrived at a similar conclusion for a

bulk system via a SCFT. The beads of the shorter block AI

penetrated into the B microdomains in the A1B10A9 system

and occupied several sites on the walls, even when in the

symmetric case (A5B10A5) the walls had enough preference

for the B beads to prevent the approaching of the A beads.

In the AmBnCp ðm ¼ pÞ systems, the interactions between

the different kinds of beads affected as strongly as the

composition the microdomain morphologies. When the

repulsive interactions between different kinds of beads were

not very strong ðeAB ¼ eAC ¼ eBC ¼ 0:3Þ; an alternate

ABCCBA lamellar structure was formed in a wide

composition range. By increasing the repulsive interactions

between different kinds of beads to eAB ¼ eAC ¼ eBC ¼ 1;
more complicated patterns were generated. By adjusting the

interactions between different kinds of beads, one could

generate a large variety of microdomain morphologies.

Depending upon the preference of the walls, normal

alternate lamellae, parallel lamellae and other special

morphologies were formed. For neutral walls, ABCCBA

alternate lamellae were normal to the walls. However, when

the walls preferred A, lamellae parallel to the walls were

formed, whereas, when they preferred B ðeS0B ¼ eS21B ¼

20:3; eS0A ¼ eS21A ¼ eS0C ¼ eS21C ¼ 0Þ; an ABCCBA

normal lamellar structure was generated. The walls were

increasingly occupied by the B segments and normal

microdomain were formed away from the two walls as the

preference for the B segments by the walls increased. The

self-consistent field predictions of Pickett and Balazs [40]

and the experimental results of Elbs et al. [39] provided the

same behavior.
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