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Ordered planar morphologies in A-b-(B-b-A)2-b-C and (B-b-A)2-b-C terpolymer melts are studied
within the framework of the self-consistent field theory for volume fractions of components A, B,
and C in the ratio 1:1:2 and the Flory-Huggins interaction parameters satisfying χAB = 2χAC. The
stable phases turn out to be the disordered, hexagonal, parallel lamellar-in-lamellar L‖ (including the
simple lamellar) as well as non-shifted and shifted (L⊥ and SL⊥) perpendicular lamellar-in-lamellar
morphologies. Depending on the value of the ratio r = �AB/�BC, where � is a characteristic tempera-
ture of the units involved, different sequences of phase transitions are shown to occur. The hexagonal
phase is characteristic for r ∼= 1. The L⊥ and SL⊥ morphologies occur at weak and intermediate seg-
regations whereas the L‖ morphology appears for stronger degrees of segregation. For (B-b-A)2-b-C
a reduction in r favors the shifted SL⊥ phase over the non-shifted L⊥ one, whereas for A-b-(B-b-
A)2-b-C we find re-entrant phase transitions SL⊥ − L⊥. The physics determining the particular phase
behavior is discussed. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818872]

I. INTRODUCTION

One of the most interesting features of multiblock
copolymer systems is their ability to self-assemble in pe-
riodical hierarchical structures involving different length
scales. This phenomenon became an attractive area of re-
search both experimentally1–12 and theoretically,13–29 dur-
ing the last decades. First, the two-length-scale structures,
which might be called lamellar-in-lamellar structures (see
Fig. 1), were experimentally studied in detail for comb-
shaped supramolecules consisting of polystyrene-block-
poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymers and
pentadecylphenol (PDP) side chains attached by hydrogen
bonding to the P4VP blocks.1–3 Next, linear multiblock
copolymers P2VP-b-(PI-b-PS)4-b-PI-b-P2VP,4 PS-b-(PI-b-
PS)4-b-PI-b-PS,5 and PS-b-(PpHS-b-PS)-b-PpHS6 were ex-
perimentally studied (P2VP, PI, PS, and PpHS denote
poly(2-vinylpyridine), polyisoprene, polystyrene, and poly(p-
hydroxystyrene), respectively). For the symmetric compo-
sitions selected these copolymers form so-called parallel
lamellar-in-lamellar structures4–6 (see Fig. 1).

The perpendicular lamellar-in-lamellar structure was dis-
covered by Fleury and Bates7, 8 in C-E-C-E-C-P terpoly-
mers, consisting of cyclohexylethylene (C), ethylene (E), and
propylene (P) blocks in ratio of 1:1:2 (see Fig. 1). Several
other examples of hierarchical structures can be found in
Refs. 9–13.

The morphologies occurring in multiblock copolymers
with various architectures and interaction parameters were
studied theoretically both within the weak14–17 and strong seg-
regation approach (SSA)18–21 as well as within the framework
of the self-consistent field theory (SCFT).22–29 In particular,

the transitions between the parallel lamellar-in-lamellar struc-
tures L||(n) with different numbers n of thin layers per large
period were studied via the SSA18–20 and SCFT.23, 25–27, 29

The transition between the perpendicular lamellar-in-lamellar
structure (L⊥) and the parallel ones L||(n) was studied via the
SSA,21 the L⊥ phase being found to become stable for C-E-
C-E-C-P-like systems when the interaction parameters sat-
isfy the condition 0 < χEP < 0.22χCP). Lines dividing 2D
sections of the interaction parameter space (χAB, χAC, χBC)
corresponding to the L⊥ and L||(n) stability were obtained
via SCFT.28, 29 However, the full phase diagram including not
only L⊥ and L||(n) but also hexagonal (HEX) and disordered
(DIS) phases has not been built yet. Besides, as explained
below, the 2D sections of the full phase diagram chosen in
Refs. 28 and 29 are not really physical. Hence, our under-
standing of the self-assembling in multiblock A-b-(B-b-A)2-
b-C (Fig. 2, top) and (B-b-A)2-b-C (Fig. 2, bottom) terpoly-
mer melts is far from complete and it is the purpose of the
present paper to address this.

But the paper is not restricted to this, in addition we will
demonstrate that the perpendicular lamellar-in-lamellar struc-
ture occurs in two different varieties called shifted and non-
shifted and evaluate their relative stability. The further presen-
tation is as follows. In Sec. II we describe briefly the model
and the basics of the SCFT numerical procedure employed.
The phase diagrams are presented and discussed in Sec. III. A
brief final summary of our results is given in Sec. IV.

II. MODEL AND THE SCFT TECHNIQUE

Before to remind the reader the basics of the SCFT and
pseudo-spectral method we use to solve the SCFT equations

0021-9606/2013/139(8)/084906/8/$30.00 © 2013 AIP Publishing LLC139, 084906-1
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FIG. 1. From left to right: TEM micrographs of the perpendicular lamellar-in-lamellar structure of PS-b-P4VP(PDP) (Reprinted with permission from J.
Ruokolainen, R. Mäkinen, M. Torkkeli, T. Mäkelä, R. Serimaa, G. ten Brinke, and O. Ikkala, Science 280, 557 (1998). Copyright 1998 The American Asso-
ciation for the Advancement of Science), of the parallel lamellar-in-lamellar structure of P2VP-b-(PI-b-PS)4-b-PI-b-P2VP (Reprinted with permission from J.
Masuda, A. Takano, J. Suzuki, Y. Nagata, A. Noro, K. Hayashida, and Y. Matsushita, Macromolecules 40, 4023 (2007). Copyright 2007 American Chemical
Society.) and of the perpendicular lamellar-in-lamellar structure of C-E-C-E-C-P. (Reprinted with permission from G. Fleury and F. S. Bates, Macromolecules
42, 1691 (2009). Copyright 2009 American Chemical Society.)

we find it useful first to describe the general ways to solve
them. The strategies to solve the SCFT equations are the spec-
tral method30 and the real-space method.31–35 The first strat-
egy is based on the representation of the spatially varying den-
sity fields in a Fourier-type basis, using a large number of har-
monic terms.36 The second computational formalism employs
an appropriate relaxation iterative procedure in order to reach
a local minimum of the free energy functional, adjusting si-
multaneously the chemical potential fields and the conjugate
monomer densities at every iteration step.

Both schemes have advantages and disadvantages. A dis-
advantage of the fully spectral schemes is that the compu-
tational effort per single iteration scales very poorly as M3,
where M is the number of basis functions. Besides, it requires
the symmetry of the microstructures formed to be specified
in advance so that a proper set of harmonic terms can be
utilized. The real-space methods do not require the system
symmetry in advance but are rather time consuming in three
dimensions even on supercomputers. Recent progress in this
field has been achieved by using the so-called pseudo-spectral
technique.37–40 In the context of polymer physics, this tech-
nique was first applied by Rasmussen and Kalosakas38 in or-
der to solve the modified diffusion equation that describes the
propagation of monomer densities. Subsequently, Ceniceros
and Fredrickson39 further extended the approach. In partic-
ular, they introduced a robust class of semi-implicit numer-
ical methods that employ supplementary information about
the nonlocal density operators. As a result, the total compu-
tational cost has been reduced by an order of magnitude. An-
other way to speed up convergence of the SCFT equations
for polymeric systems, we employ here, is to use the iterative
scheme by Ng,41 linearizing the solution around stationary

FIG. 2. Ternary multiblock copolymers studied: (a) A-b-(B-b-A)2-b-C;
(b) (B-b-A)2-b-C.

points. A similar procedure was used by Thompson et al.42

Recently Stasiak and Matsen have carried out a comparative
study of the various numerical algorithms to implement the
SCFT calculations.43

Let us consider an incompressible melt of the linear
ternary ABC triblock copolymer chains consisting of the end
blocks A and C and the middle block C. The free energy func-
tional for the system under consideration reads:

F/nkBT =V −1
∫

d3r[NχABλA(r)λB(r)+NχBCλB(r)λC(r)

+NχACλA(r)λC(r) − wA(r)λA(r) − wB(r)λB(r)

−wC(r)λC(r) + ξ (r)(λA(r) + λB(r) + λC(r))]

− ln Q({wα(r)}), (1)

where the Flory-Huggins parameters χαβ describe the inter-
action between the monomers of the sorts α and β, V is the
volume of the system, N is the degree of polymerization, n is
the total number of chains, kB is Boltzmann constant, and T is
the absolute (Kelvin) temperature. Further we set kB = 1, in
other words, we measure the temperature in energetic units.
λα(r) is the deviation of the local volume fraction ϕα(r) of the
αth component from its average (over the volume V) value fα:

λα(r) = ϕα(r) − fα. (2)

The quantity Q({wα(r)}) is the partition function of a sin-
gle ideal chain subject to the external fields wα(r) acting on
the component α,

Q({wα(r)}) = V −1
∫

d3rq(r, 1), (3)

where the density distribution q(r, s) satisfies the modified
diffusion equation,

∂q(r, s)/∂s = ∇2q(r, s) − ψ(r, s)q(r, s), q(r, s) = 1, (4)

in which the variable s ∈ [0, 1] labels the monomer rela-
tive distance from an end of the chain, therewith the field
ψ(r, s) = wα(r) in case the monomer located at a distance s
belongs to the sort α. Finally, ξ (r) is the Lagrange multiplier
corresponding to the incompressibility condition,

λA(r) + λB(r) + λC(r) = 0. (5)

Downloaded 24 Sep 2013 to 129.125.63.113. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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The periodic boundary conditions are stipulated on the
computation cell boundaries.

Hereafter the products Nχαβ in Eq. (1) are replaced
by χ̃αβ to simplify the notations. Varying the free energy
functional (1) both over the fields wα(r) and volume frac-
tions ϕα(r), one gets the full set of the self-consistent field
equations:

wA(r) = χ̃ABλB(r) + χ̃ACλC(r) + ξ (r), (6)

wB(r) = χ̃ABλA(r) + χ̃BCλC(r) + ξ (r), (7)

wC(r) = χ̃ACλA(r) + χ̃BCλB(r) + ξ (r), (8)

supplemented with the incompressibility condition (5).
The local volume fractions ϕA(r), ϕB(r), and ϕC(r) are

determined by the equations,

ϕA(r) = 1

Q[wA,wB,wC]

∫ 1

0
dsσA(s)q(r, s)q̃(r, 1 − s),

(9)

ϕB(r) = 1

Q[wA,wB,wC]

∫ 1

0
dsσB(s)q(r, s)q̃(r, 1 − s),

(10)

ϕC(r) = 1

Q[wA,wB,wC]

∫ 1

0
dsσC(s)q(r, s)q̃(r, 1 − s),

(11)
where σα(s) = 1 if the monomer located at a distance s be-
longs to the sort α and σα(s) = 0 otherwise.

The distribution function q̃(r, s) satisfies the modified
diffusion equation

∂q̃(r, s)/∂s =∇2q̃(r, s) − ψ(r, 1 − s)q̃(r, s), q̃(r, 0)=1,

(12)
with the same boundary conditions as in case of Eq. (4).

The auxiliary field ξ (r), which grants that the incom-
pressibility condition (5) is fulfilled, can be expressed in terms
of the fields {wα(r)}, and the local volume fractions {ϕα(r)}
and, thus, eliminated:

ξ = 1

3
(wA + wB + wC + χ̃ABλC + χ̃BCλA + χ̃ACλB),

(13)
following from Eqs. (5)–(8), where λα(r) = ϕα(r) − fα are
evaluated using the integral operators (9)–(11). The use of
Eq. (13) gives the following converging iterative method.

The set of equations (5)–(12) can be represented as a non-
linear operator equation,

x = A[x], (14)

with respect to an unknown vector-function,

x = (wA(r), wB(r), wC(r)). (15)

Here the operator A is defined as follows:

A[x] =

⎛
⎜⎜⎝

χ̃ABλB(r) + χ̃ACλC(r) + ξ (r)

χ̃ABλA(r) + χ̃BCλC(r) + ξ (r)

χ̃ACλA(r) + χ̃BCλB(r) + ξ (r)

⎞
⎟⎟⎠ . (16)

The functions λα(r) are expressed in terms of vector x (i.e., of
the fields wA(r), wB(r), and wC(r)) via the integral operators
(9)–(11). The auxiliary field ξ (r) is given via equality (13).
The operator equation (14) can be solved using the Picard it-
eration procedure,

xn+1 = xn + τ (A[xn] − xn), n = 0, 1, 2, . . . , (17)

with a positive parameter τ .
To speed up the iteration procedure convergence, after a

certain number of Picard iterations (17) one should switch to
the iteration method by Ng, which is characterized by a faster
convergence. The details of the Ng method are described in
Refs. 24 and 41.

The parameters of the calculations were chosen as
follows: the contour step size was taken to be equal to
s = 0.01, smaller values were also tested but they did not
change the free energy value. The simulation was done in two
dimensions with periodic boundary conditions because all ex-
perimentally observed structures are 2D. The free energy was
optimized with respect to the size and shape of the simulation
box.44–46

The spatial resolution was equal to x = 0.03Rg,
y = 0.015Rg. The numerical simulations proceeded until the
relative free energy changes for iteration are smaller than 10−5

kBT per chain and the incompressibility condition became sat-
isfied with an accuracy up to 10−4.

III. RESULTS AND DISCUSSION

The final goal of theoretical investigations in the field of
block copolymer ordering (microphase separation) is to find
the relationship between the architecture (including the com-
position) and interaction parameters (including the tempera-
ture), on the one hand, and the type of morphology formed.
Unfortunately, the plurality of the morphologies which can
exist (at least, as metastable ones) given the parameters of the
system under consideration makes it difficult to achieve this
goal effectively. So, any actual calculation starts from a more
or less (but never fully) validated pre-assignment, which mor-
phologies are expected to be the most natural candidates for
becoming the stable phase. As is seen from the TEM micro-
graphs presented in Fig. 1, in our case it is natural to restrict
ourselves to the 2D (planar) morphologies only.

More precisely, in this paper we compare the relative sta-
bility of the disordered (DIS), conventional hexagonal (HEX),
and simple lamellar morphologies (LAM or L||(1)), paral-
lel lamellar-in-lamellar morphology L||(n) and two types of
perpendicular lamellar-in-lamellar morphologies: non-shifted
designated as L⊥ and shifted designated as SL⊥. We
describe these morphologies in more detail below. We calcu-
lated the phase diagram for (B-b-A)2-b-C and A-b-(B-b-A)2-
b-C multiblock copolymers using the SCFT numerical proce-
dure outlined in Sec. II. In other words, we explore the space
of three reduced χ -parameters χ̃AB = χABN , χ̃AC = χACN

and χ̃BC = χBCN (N being the total length of the multiblock
copolymer) and divide it into the regions where a particular
phase is stable (which means that the phase has the min-
imal free energy per chain as compared with the compet-
ing morphologies). Since it is difficult to visualize the phase
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diagram in the 3D space of these independent reduced χ -
parameters, some authors26–29 fix a value of one of these
parameters (usually, that of χ̃AC) and build the phase dia-
gram in 2D section (χ̃AB, χ̃BC)|χ̃AC=const . Unfortunately, such
a choice is not really physical. Indeed, since the tempera-
ture dependence of the χ -parameters is typically the same:
χαβ ∼ �αβ/(2T ), where T and �αβ are the actual tempera-
ture and a characteristic temperature describing incompati-
bility of the αth and βth components. (For an incompress-
ible solution of homopolymer chains formed of α-units in the
solvent comprised of β-particles, the characteristic temper-
ature �αβ is precisely the Flory �-temperature.) Thus, one
cannot independently vary (χ̃AB, χ̃BC) and fix simultaneously
χ̃AC . So, unlike Refs. 26–29, we build the phase diagram in
the plane (χ̃AB, χ̃BC) under assumptions that the ratio
rA = χAB/χAC = �AB/�AC is fixed. Given the chemical struc-
ture of the monomers A, B, and C, the ratio rB = χAB/
χBC = �AB/�BC is also fixed. In other words, the temper-
ature evolution of the morphologies replacing each other is
determined by motion along the ray drown from the origin
(χAB = 0, χBC = 0), which corresponds to the infinitely
large temperature, at the angle α = arctan(χAB/χBC) to the
abscissa-axis χ̃BC .

The morphologies arising for the system as the tempera-
ture decreases change in the order corresponding to crossing
the different regions of the phase diagram by this ray. For the
sake of simplicity we chose in this paper χ̃AB = 2χ̃AC , which
is not far away from the experimental value χ̃AB = 1.6 χ̃AC

valid for the Fleury and Bates experiments (See Refs. 7, 8,
and references therein). Besides, in accordance with the lat-
ter, we assume the component compositions to be ϕC = 0.5,
ϕA = ϕB = 0.25.

The corresponding phase diagrams are presented in
Figs. 3 and 4.

FIG. 3. Phase diagram of (B-b-A)2-b-C block copolymers in the plane
(χ̃AB = 2χ̃AC, χ̃BC ). The regions where the disordered, hexagonal, parallel,
perpendicular, and shifted perpendicular morphologies are stable are denoted
as DIS, HEX, L||, L⊥ and SL⊥, respectively. The number in between brackets,
i.e., L||(3), denotes the total number of “internal” A + B layers. The dashed
lines correspond to different types of temperature evolution corresponding to
a different choice of A, B, and C monomers. The labels 1, 2, 3 are used in the
discussion in the text.

FIG. 4. The phase diagram of A-b-(B-b-A)2-b-C block copolymers in the
plane (χ̃AB = 2χ̃AC, χ̃BC ). The region labeled as L⊥ + SL⊥ is that of co-
existence of the phases L⊥ and SL⊥. Other designations are the same as in
Fig. 3.

Before we start the discussion about these phase dia-
grams we first describe the different morphologies found to
be stable in more detail.

A. Parallel lamellar-in-lamellar morphology L||(n)

The morphology L||(n) is characterized by a parallel lay-
ered structure, where each layer between successive C-layers
contains a total of n A- and B-layers. The number n of “in-
ternal” layers is indicated by the number in brackets, i.e.,
L||(3) denotes 3 internal layers (A-B-A). In particular, L||(1)
is just the conventional lamellar morphology similar to that
observed in AB diblock copolymers. The actual value of n is
determined by the multiblock copolymer architecture and the
values of the interaction parameters.

To describe the morphologies L||(n) in more detail we
will consider the composition profiles for various points of
the phase diagrams. Figure 5 shows the composition profile of

FIG. 5. Volume fraction profiles of A-b-(B-b-A)2-b-C indicating a simple
lamellar structure for χ̃AB = 2χ̃AC = 80 and χ̃BC = 24. The solid, dotted–
dashed, and dashed lines correspond to the profiles of the A, B, and C com-
ponents, respectively.
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FIG. 6. Volume fraction maps for the parallel lamellar-in-lamellar L||(3)
structure of A-b-(B-b-A)2-b-C with two A-type internal layers at
χ̃AB = 2χ̃AC = 100 and χ̃BC = 40. (a) A blocks; (b) B blocks; (c) C blocks.

A-b-(B-b-A)2-b-C for χ̃AB = 2χ̃AC = 80 and χ̃BC = 24.
Even though the absolute value of the AB interaction pa-
rameter is the biggest, it is insufficient to induce demixing
(microphase separation) of the A and B blocks. Indeed, the
reduced multiblock Flory parameter χ̄AB = N1χAB = 8 is be-
low the corresponding ODT value for the multiblock AB
copolymer47, 48 (here N1 is the degree of polymerization of
one A or B block). The system looks like a symmetric AB-C
diblock copolymer and, accordingly, forms a lamellar struc-
ture comprised of C- and AB-layers, as is clearly seen in
Fig. 5.

Figure 6 shows the color volume density maps for the
parallel lamellar-in-lamellar structure L||(3) of A-(B-b-A)2-
b–C for χ̃AB = 2χ̃AC = 100 and χ̃BC = 40. Now the AB and
C/(AB) incompatibility is stronger and, as a result, two A-
layers and one B-layer are formed between two successive
C-layers. A further increase of the blocks incompatibility
(χ̃AB = 2χ̃AC = 120) (Fig. 7) results in an increase of the
number of internal A- (respectively B-) layers up to 3 (respec-
tively 2). In this case the parallel lamellar-in-lamellar struc-
ture L||(5) appears.

A more quantitative representation of the morphologies
visualized in Figs. 6 and 7 as color density maps are provided
by the volume fraction profiles presented in Fig. 8. Indeed,
it is seen from Figure 8 that, in addition to the strong peaks
corresponding to various layers, there are also two weak peaks
which describe a weak localization at the A/C interface of
some B-blocks, even though they are not directly linked to
the C-blocks. The origin of the peaks is illustrated in Fig. 9
for the L||(3) morphology.

Since χ̃BC = 40 and χ̃AB ≥ 100, the B-blocks are con-
siderably less repulsed by the C-blocks than by the A-ones.
So, in the thermodynamic equilibrium the dominant bridge-
like chain conformations (like the upper one in Fig. 9) co-
exist always with a small number of B-loops (light-green) at
the A/C interface, which are embedded in the C-domains. Of

FIG. 7. Volume fraction map for the parallel lamellar-in-lamellar struc-
ture L||(5) of A-b-(B-b-A)2-b-C with three A-type internal layers at χ̃AB

= 2χ̃AC = 120 and χ̃BC = 40. (a) A blocks; (b) B blocks; (c) C blocks.

FIG. 8. Composition profiles of A-b-(B-b-A)2-b-C for parallel lamellar-in-
lamellar. Left: L||(5) at χ̃AB = 2χ̃AC = 120 and χ̃BC = 40; right: L||(3) at
χ̃AB = 2χ̃AC = 100 and χ̃BC = 40. The solid, dotted–dashed, and dashed
lines correspond to the profiles of the A, B, and C components, respectively.

course, it is not very probable that a B-block can reach an
A/C interface by passing through the A-barrier. But, as soon
as it does, it becomes equally improbable that the B-block will
return to the B-layer through the same A-barrier. The actual
fraction of B-loops in thermodynamic equilibrium is implic-
itly calculated within the SCFT as shown in Fig. 8.

B. Perpendicular lamellar-in-lamellar morphology

Here the “internal” layers are comprised of A- and B
blocks, which are oriented perpendicularly to the C-layers.
For the L⊥ case (Fig. 10) the composition profiles along the
odd and even layers are the same whereas for SL⊥ (Fig. 11)
the profiles are shifted by half of the period in the vertical
direction Ly. It is worth mentioning that the morphologies
where the composition profiles along the odd and even layers
are shifted by an interval xLy, −0.5 < x < 0.5, were already
found for some ternary miktoarm ABC stars.49 Remarkably,
for our linear multiblock ABC copolymers we find that only
the morphologies with x = 0 and x = 0.5 are stable. No inter-
mediate morphologies are observed.

It is also worth noticing that we needed some tricks
to reach the stable perpendicular lamellar-in-lamellar mor-
phologies. The point is that the SCFT numerical procedure
outlined in Sec. II is rather sensitive to the initial conditions,24

which is only natural for the case, when the SCFT equa-
tions have many solutions (including those that correspond
to metastable states). There is no other remedy against this

C        A     B     A       C

FIG. 9. Schematic illustration of typical conformations contributing to the
profiles shown in Figs. 6(a) and 8(b) for L||(3) morphology (see explanation
in the text).
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FIG. 10. Volume fraction maps for the metastable non-shifted perpendicu-
lar lamellar-in-lamellar structure L⊥ of A-b-(B-b-A)2-b-C at χ̃AB = 2χ̃AC

= 120 and χ̃BC = 20. (a) A blocks; (b) B blocks; (c) C blocks.

multiplicity curse but to choose as many physically expected
morphologies as possible, to find an initial guess providing
convergence to every one of these morphologies and to com-
pare their free energies. So, to find a solution for perpendic-
ular lamellar-in-lamellar morphologies we have to choose an
initial guess possessing the same symmetry. For this purpose
we first assume that the A and B components are filling the al-
ternating rectangular domains within the matrix of the C com-
ponent and next smear the interfaces via proper one-harmonic
perturbations of the volume fractions profiles. The subsequent
iterations converge to an L⊥ or SL⊥ morphology depending on
the initial guess. In fact, we explored all morphologies pre-
sented in the phase diagrams shown in Figs. 3 and 4.

Now, let us return to the phase diagrams shown in
Figs. 3 and 4. First of all, close to the origin (χAB = 0, χBC

= 0), where the interaction between all blocks is weak,
the disordered phase is naturally stable. The regions of the
DIS phase stability appear topologically equivalent in Figs. 3
and 4 but the disordered phase for A-b-(B-b-A)2-b-C block
copolymers is seen to be noticeably more stable than that
for the (B-b-A)2-b-C ones. Next, when the BC incompat-
ibility (i.e., the value of χ̃BC) is small enough the HEX
phase is stable. Both these features are also quite natural. In-
deed, the smaller the BC interaction is, the less the ternary
block polymer differs from the binary one. When B coin-
cides with C (in terms of the interaction parameters), the (B-b-
A)2-b-C and (A-b-(B-b-A)2-b-C) multiblock copolymers can
be considered as asymmetric binary multiblock copolymers
(BnAn)2B4n and (AnBn)2AnB5n. The latter consists of more
blocks and, therefore,47, 48 is more stable towards microphase
separation given the same degree of polymerization. Now, as
in most asymmetric AB block copolymers,50, 51 the expected
sequence of the order-disorder and order-order transitions is
here DIS – body-centered-cubic (BCC) – HEX –LAM, the
BCC stability region being usually rather narrow and ne-
glected. This conclusion agrees with the actual transition se-
quence along the ray 1 in both phase diagrams (see Figs. 3
and 4) for small ratios β = χBC / χAB, which is DIS-HEX.
The further increase of both the AB and BC blocks incom-
patibility results in the appearance of the lamellar-in-lamellar
structures. Therewith, for low temperatures the parallel
lamellar-in-lamellar phases L||(3) and L||(5), respectively, be-
come stable, whereas at intermediate incompatibility (weak
and intermediate segregation) the perpendicular lamellar-in-
lamellar structures L⊥ and SL⊥ are stable.

However, the fine structure of these two phase diagrams
is rather different. For the (B-b-A)2-b-C multiblock copoly-

FIG. 11. The volume fraction maps of the stable shifted perpendicular
lamellar-in-lamellar structure SL⊥ of A-b-(B-b-A)2-b-C at χ̃AB = 2χ̃AC

= 120 and χ̃BC = 20. (a) A-blocks; (b) B-blocks; (c) C-blocks.

mer (Fig. 3) an increase of the ratio β = χBC/χAB favors sta-
bility of the shifted perpendicular phase SL⊥ and the phase
transitions sequence with the temperature decrease at low
and high values of β (rays 1 and 3 on Fig. 3) are DIS-
HEX-L⊥-L||(3) and DIS-SL⊥-L||(3), respectively. Besides, for
a restricted interval of intermediate values of β (ray 2 in
Fig. 3) the sequence DIS-HEX-SL⊥-L⊥-L||(3) occurs. As far
as the A-b-(B-b-A)2-b-C multiblock copolymer (Fig. 4) is
concerned, the temperature phase transition sequences are
more diverse: DIS-HEX-L⊥-L||(5) (ray 1), DIS-HEX-SL⊥-
L⊥-L||(5) (ray 2), DIS-HEX-SL⊥-L⊥-SL⊥-L⊥-L||(5) (ray 3),
DIS-HEX-L⊥-SL⊥-L⊥-L||(5) (ray 4), etc. In other words, a pe-
culiarity of the phase diagram shown in Fig. 4 is the presence
of re-entrant (with temperature) SL⊥-L⊥ transitions.

Being discovered via straightforward numerical calcula-
tions, these re-entrant transitions hardly have a simple phys-
ical explanation. Nevertheless, we dare to see their counter-
part in re-entrant (with architecture) conformation behavior
we found earlier25 in multiblock copolymers and suggest that
they are the results of a subtle interplay of entropic (due to
conformation distortion) and energetic effects under weak
and intermediate segregation of A-b-(B-b-A)2-b-C block
copolymers.

Next we proceed to get more insight in the L⊥ and SL⊥
morphologies for the A-b-(B-b-A)2-b-C multiblock copoly-
mer. For the particular set of interaction parameters values se-
lected in Figures 9 and 10, the shifted SL⊥ structure is stable
and the non-shifted L⊥ is metastable (compare with the phase
diagram in Fig. 4).

Similar volume fraction profile maps can be presented for
the (B-b-A)2-b-C multiblock copolymer (not shown).

To obtain some insight into the physical reasons of the
perpendicular lamellar-in-lamellar phases formation we con-
sider the folding of the copolymer chains under study in the
two structures L⊥ and SL⊥ in more detail. To this end we
present the volume fraction maps for the most relevant parts
of the chains. Fig. 12(a) shows the volume fraction map of the
A blocks of (B-b-A)2-b-C that are directly connected to the
long C blocks under conditions where L⊥ is the equilibrium
state. Because of this connection these A blocks are near the
AC interface. The A blocks that are not directly linked to the
C blocks form the core of the structure (Fig. 12(b)). The first
B blocks that are connected at both ends to A blocks are pref-
erentially present near the AB interface but also near the AC
interface where they shield the AC interactions (Fig. 12(c)).
The B end blocks form the core of the B domains but are also
present at the AC interface (Fig. 12(d)).
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FIG. 12. Volume fraction maps of the different A and B blocks of the multiblock part of the (B-b-A)2-b-C multiblock copolymers at χ̃AB = 2χ̃AC = 120 and
χ̃BC = 12 where L⊥ is the equilibrium state. (a) A blocks connected to the C blocks; (b) the rest of A blocks; (c) the B blocks that are connected at both ends
to an A block; (d) the end B blocks.

Another interesting observation is that the AC interface is
not a straight line for the perpendicular lamellar-in-lamellar
structures, as would be required to minimize the number
of unfavorable contacts between the A and C monomers
(Figs. 10 and 11). This is due to the fact that the interface
is formed by the junction points between the A and C blocks.
As we discussed earlier,21 the C blocks have to fill a space
equal to the volume of the A and B blocks together. As a
consequence, the C blocks are stretched in the direction per-
pendicular and parallel to this interface. In order to fill this
space uniformly, and in particularly the region opposite the
B phase, the polymers should be stretched a lot at the AC
interface and much less far away from the interface. To mini-
mize the stretching close to the interface the shape of the inter-
face becomes curved inwards into the region of the C blocks.
The distance between successive AC junction points increases
and the stretching energy of the C blocks decreases. Addi-
tionally the B blocks that are also present at the AC interface
reduce the interfacial energy.

As shown in Figs. 10(c) and 11(c), the shape of the inter-
face between the C-blocks and AB-blocks looks sinusoidal.
In Fig. 10(c), corresponding to the L⊥ structure, the AC inter-
faces in successive layers are in phase, whereas in Fig. 11(c),
corresponding to SL⊥ phase, they are shifted by a half-period.
Obviously this difference affects also the stretching of the
long C blocks.

To illustrate this, the volume fraction maps of the ends of
the C blocks are presented in Figure 13. For the non-shifted
L⊥ (Fig. 13(a)) the concentration of the open ends exhibits
maxima. Not surprisingly, they are located in the middle of
the C layers opposite the middle of the domains formed by
the B blocks. In the shifted SL⊥ case the C ends are dis-

FIG. 13. Volume fraction maps of the free ends of C blocks of (B-b-A)2-b-C
for χ̃AB = 2χ̃AC = 120 and χ̃BC = 17. (a) Non-shifted structure L⊥ (equi-
librium state); (b) shifted structure SL⊥.

tributed more uniformly along the midplane of the C layers
with less pronounced maxima in front of the AB interfaces.
In other words, the entropic loss for the shifted perpendicu-
lar morphology is less than that for the non-shifted one. This
might be one of the reasons why the shifted structure is usu-
ally the preferred state when the energetic gain is not too big,
i.e., in the region where χ̃AB = 2χ̃AC is not too large.

It is worth noticing that the periods along the AB and AC
interfaces (Lx and Ly, respectively) are, in general, different
for the SL⊥ and L⊥ structures. In the stability region of L⊥
for the (B-b-A)2-b-C architecture Ly is slightly bigger and Lx

less for the L⊥ structure than for the metastable SL⊥ struc-
ture. On the transition line between L⊥ and SL⊥ Lx and Ly are
equal for both morphologies. When the SL⊥ structure is sta-
ble it becomes more extended in the y direction than for the
metastable L⊥.

IV. CONCLUSION

Summarizing, we used the SCFT numerical procedure
to study the order-disorder and order-order phase transitions
between the planar ordered phases in two types of multi-
blocks copolymers, (B-b-A)2-b-C and A-b-(B-b-A)2-b-C for
typical values of the component volume fractions ϕC = 0.5,
ϕA = ϕB = 0.25 and the ratio of the interaction parameters
χ̃AB/χ̃AC = 2. The hexagonal, parallel lamellar-in-lamellar
(LIL) L||(n) (including the simple lamellar L||(1)) as well as
non-shifted and shifted (L⊥ and SL⊥) perpendicular LIL mor-
phologies are found to be stable depending on the values of
the reduced interaction parameters χ̃AB, χ̃BC and the corre-
sponding phase diagrams are presented. The perpendicular
LIL are found to occur in the realm of weak and interme-
diate segregation whereas the parallel ones belong to that of
stronger segregation. For a specific choice of the chemical na-
ture of the repeated units A, B, and C the temperature evolu-
tion of the ordered morphologies depends on the value of the
ratio r = �AB/�BC, where � is the corresponding character-
istic temperature. For the (B-b-A)2-b-C multiblock copoly-
mers, the sequence of successive phases as the temperature
decreases reads DIS – HEX – L⊥ – L||(3) at bigger r, whereas
for smaller r it is DIS – HEX – SL⊥ – L||(3), in a compar-
atively narrow intermediate interval of r the phase transition
sequence DIS – HEX – SL⊥ – L⊥ – L||(3) holds. Due to the ex-
tra A-block and the concurrent difference in A- and B-block
lengths, the phase diagram of the A-b-(B-b-A)2-b-C multi-
block copolymer turned out to be more complex than that of
(B-b-A)2-b-C. Here the sequence of the phase transitions also
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depends on r, but the re-entrant (with temperature) phase tran-
sitions SL⊥ – L⊥ are rather rule than an exception. Calculating
and analyzing the volume fraction profiles of the free ends of
the C-blocks shows that these phase transitions are accompa-
nied by a redistribution of the free C-ends along the mid-plane
as well as a change of the geometric parameters of the lattice
cell. An interesting option to be studied elsewhere is that the
re-entrant phase transitions found are related to an effect of in-
commensurability between the cell periods and the end blocks
gyration radii.

There is one more interesting issue, which deserves
a special remark. Since all lamellar (including lamellar-in-
lamellar) morphologies are, effectively, 1D systems, it could
seem that it makes not much sense to build the phase dia-
grams containing two and more regions of such 1D morpholo-
gies. Indeed, due to the famous Landau theorem,52 the actual
structure observed throughout the sample under consideration
would be a random mixture of slices corresponding to various
lamellar morphologies even though the most favorable one
can be distinguished. However, the observable (average) vol-
ume fraction of the slices corresponding to the most favorable
lamellar morphology is expected to be close to unity since
the characteristic width D of these slices is rather big
(D ∼ exp(2E/T), where E is the surface energy per the total
area of a junction between various morphologies). Thus, the
phase diagram we built here is a rather good approximation to
the reality.

We believe that the results obtained are applicable, mu-
tatis mutandis, to other multiblock ternary ABC copolymers.
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