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a b s t r a c t

We extended self-consistent field theory to study the phase behavior of supramolecular blends of diblock
copolymers with hydrogen-bonding interactions. The hydrogen-bonding interactions are described by
Yukawa potentials. The hydrogen-bonding donors and acceptors were modeled as two blocks smeared
with opposite screened charges. Hierarchical microstructures such as parallel and perpendicular
lamellae-in-lamellae were observed. The appearance of parallel/perpendicular lamellae-in-lamellae
depends on the strength of hydrogen-bonding interactions related to the density of hydrogen bonds
and the characteristic lengths of the Yukawa potentials. Phase diagrams were correspondingly mapped
out, and the domain size, interfacial width and free energies were examined to gain insight into the
phase transitions. It was also found that the revealed mechanism can account for some experimental
phenomena that are not well explained yet. The present method can be readily further extended to more
complicated supramolecular systems with hydrogen-bonding interactions.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Supramolecular polymers are kinds of materials which utilize
non-covalent bonding interactions such as hydrogen-bonding in-
teractions and electrostatic interactions to connect chemically
dissimilar polymers into a dynamic molecular architecture [1e5].
The introduction of non-covalent bonding interactions into poly-
mer blend systems would effectively suppress the macrophase
separation. In the supramolecular polymers, themixing blocks with
varying ratios offer a straightforward and efficient way to generate
a series of microstructures, without having to synthesize compli-
cated copolymers. Moreover, the supramolecular polymers would
offer a great platform for fabricating materials with highly tunable
properties, such as environmental adaptation and self-repair ca-
pacity, owning to the temperature/pH-dependence of the non-
covalent interactions [6,7].

Inspired by the ability of supramolecular polymers to adjust the
), jlin@ecust.edu.cn (J. Lin).
versatilities and response to environments, plenty of efforts have
been made to understand the phase behaviors of supramolecular
polymers [8e16]. A widely-studied system is the blends of AB- and
B'C-diblock copolymers with B- and B'-blocks miscible by
hydrogen-bonding interactions. Matsushita et al. prepared blends
of polyisoprene-b-poly(2-vinylpyridine) (PI-b-P2VP) and poly(4-
hydroxystyrene)-b-polystyrene (P4HS-b-PS) diblock copolymers,
where the hydrogen bonds can be formed between the P2VP- and
P4HS-blocks [8]. The change of themolar ratio and the symmetry of
diblock copolymers can lead to a variety of hierarchical micro-
structures such as perpendicular lamellae-in-lamellae and spheres-
in-lamellae. Fredrickson et al. designed a mixture of poly(ethylene
oxide)-b-poly(styrene-r-4-hydroxystyrene) (PEO-b-PS4HS) and
poly(styrene-r-4-vinylpyridine)-b-poly(methyl methacrylate)
(PS4VP-b-PMMA) with various fractions of hydrogen-bonded
phenolic and pyridyl units [9,10]. The effect of the hydrogen-
bonding strengths on the hierarchical microstructures was exam-
ined by controlling over the relative densities of hydrogen-bonding
donors and acceptors. It was found that hierarchical square ar-
ranged nanostructures and hexagonally packedmicrostructures are
formed at different ratios of donors to acceptors.

In addition to the experiments, theory and simulations were
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utilized to study the phase behavior of the supramolecular poly-
mers [17e20]. One powerful theory successful in accounting for
general phase behaviors of complex polymeric systems is self-
consistent field theory (SCFT) [21e36]. It has been applied to su-
pramolecular polymers with hydrogen-bonding interactions
[37e41]. Recently, there are two approaches for tackling the
hydrogen-bonding interactions in the framework of SCFT. One of
the methods is to use a negative FloryeHuggins parameter to ac-
count for the hydrogen-bonding interactions. Fredrickson et al.
developed this method to examine the self-assembly of AB/B'C
diblock copolymer blends. An agreement with the experimental
observations proves that this method is sufficient to understand
qualitative aspects of the self-assembly of supramolecular systems
[9,10]. However, it is unphysical to treat the hydrogen-bonding
interactions with a negative FloryeHuggins parameter. This is
because that the hydrogen-bonding donors and acceptors are
chemically incompatible (cN> 0) although they are attracted each
other. Another method is to treat hydrogen-bonding donors and
acceptors as chemically reactive polymers with hetero-
complementary bonding groups [37e41]. In this method, the
immiscibility between chemically different polymers are still
described by FloryeHuggins parameters. The drawback of this
method is that it suffers from difficulties in studying the systems
with multiple hydrogen bonds. This is due to the fact that the
computational cost dramatically increases with increasing the
number of hydrogen bonds. (Note that the supramolecular systems
generally contain a large number of hydrogen bonds in each block.)
To overcome the drawbacks of these two methods, new SCFT
method should be developed for the supramolecular copolymers.

In this work, we assumed the hydrogen-bonding interactions as
electrostatic dipoleedipole interactions. The dipoleedipole in-
teractions are implicitly described by Yukawa potentials which is
also named screened Coulomb potentials [42,43]. Based on this
assumption, a SCFTcoupledwith the screened Poisson equation can
be derived. This method was first developed by Nogovitsin et al. for
investigating the behavior of polyelectrolyte chains in aqueous salt
solutions [44]. We extended this method to a different polymer
system, namely, supramolecular blends of diblock copolymers with
hydrogen-bonding interactions. The hydrogen-bonding donors and
acceptors are modeled as two charged blocks smeared with
opposite screened charges. Such an approach can overcome the
deficiencies of two commonly used methods d may rationally
describe the immiscibility between different polymers and could
be suit for multiple-hydrogen-bond supramolecular systems
[42,43]. Furthermore, the method can bridge a gap between the
hydrogen-bonding interactions and electrostatic interactions by
varying the parameters in Yukawa potential. Then, we applied this
method to study the supramolecular blends of AB- and B'C-diblock
copolymers where B- and B'-blocks can be associated with the
hydrogen bonds. The effect of the density of hydrogen bonds and
two characteristic lengths of the Yukawa potential on the phase
behaviors were examined. It was found that the parallel-to-
perpendicular lamellae-in-lamella transition occurs by varying
these parameters. Based on the obtained data, phase diagrams
were mapped out. This work provides reasonable information
about the phase behavior of supramolecular copolymers, and the
SCFT method can be readily extended to more complicated supra-
molecular systems.

2. Theoretical method

A system of volume V consisting of nAB AB-diblock copolymers
and nB'C B'C-diblock copolymers was considered. The incompres-
sibility condition constrains the bulk density of segment number to
a constant value r0 at each point in the space. The block copolymers
are assumed to be monodisperse with the same statistical segment
length a. The total statistical segment of P-diblock copolymers
(P ¼ AB and B'C) is NP, where NAB¼N and NB'C ¼ aB'CN for AB- and
B'C-diblock copolymers, respectively. Here, aP ¼ NP/N is the length
ratio of P-diblock copolymer to AB-diblock copolymer. For AB-
diblock copolymers, the volume fraction of A- and B-blocks is fA
and fB, respectively. Similarly, for B'C-diblock copolymers, the vol-
ume fraction of B'- and C-block is fB0 and fC, respectively. Thus,
fA þ fB ¼ 1 and fB'þ fC ¼ 1. In the supramolecular system, one block
can be connected with another block through hydrogen bonds. The
two kinds of blocks attracted by hydrogen bonds were smeared
with opposite screened charges. The valence number of these
blocks is denoted as zI (I ¼ A, B, B0, and C), and the corresponding
charge is zIe (e is the elementary charge).

The partition function of this supramolecular system is given by
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Here, zP is the partition function of a single chain due to the
kinetic energy; nP is the number of P-diblock copolymer; Rk,P is the
space curve of the kth P-polymer chain; j is the electrostatic po-
tential at r position. qk,P(s) denotes the charge density of the sth
segment of kth chain of P-diblock copolymer.

P
qk;PðsÞ

is a summation

over the charge distributions of the kth chain of P-diblock copol-
ymer. The Hamiltonian H of the system consists of three parts

H ¼ H0 þ H1 þ H2 (2)
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is the elastic energy of Gaussian chains. The kB and T is the Boltz-
mann constant and temperature, respectively.
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describes the short-range interaction energy of the system, where
cIJ is the FloryeHuggins interaction parameter between I- and J-
species (in unit of kBT). The local microscopic densities of different
species at the position r are defined by
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Here, sI,P(s) ¼ 1 (or 0) represents that the sth segment of P-
diblock polymers is of type I (or not). The hydrogen bond is usually
described as an electrostatic dipoleedipole interaction. To mimic
correlation effect between dipoles in a way compatible with the
self-consistent field theory, we add a field j(r) to the energy of a
dipole (donor/acceptor) at position r [44,45]. The Yukawa potential
has been used to describe the interaction between dipoles (e.g.
water) implicitly, and found that it can successfully account for the
correlation effects between dipoles [42,43]. The electrostatic en-
ergy of the system is given by
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H2 ¼
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where the microscopic densities of the screened charges are
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where j(r) is derived from a Yukawa potential. The Yukawa po-
tential is
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where h and l are the two characteristic lengths of the Yukawa
potential. The h is the amplitude of potential related to the
dielectric permittivity and the l is the screening length that de-
termines the range of the potential. The Yukawa potential is set to
be attractive in order to account for hydrogen-bonding interactions
between various blocks. This type of potential was previously used
to account for the interaction of hyaluronic acid chains in salt so-
lutions [44]. To decouple the interaction in Eq. (6), the identity (8)
and HubbardeStratonovich transformation were used. The elec-
trostatic energy then becomes

H2 ¼
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Subsequently integral representations for the delta functions
are inserted into the partition function (Eq. (1)). We use the
following integral representations,
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it introduces a density field fI(r) constrained to bfIðrÞ and an
effective chemical potential field uI(r) conjugated to the density
fields. The Lagrange multiplier x(r) is introduced to enforce the
incompressibility constraint (

P
fI(r) ¼ 1). The partition function

(eq. (1)) becomes
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where F is the free energy of the system, written as
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Here, cP ¼ nPN/r0V is the volume-averaged fraction of P-diblock
copolymers and 4(r) ¼ j(r)/kBT. QP is the single chain partition
function for the P-diblock copolymers, given by
The partition function, QP, can be expressed in terms of propa-
gators, qP(r,t), which are written as QP ¼ !drqP(r,1). The contour
length t starts from one end of the polymer chain (t ¼ 0) to the
other (t ¼ 1). The spatial coordinate r is rescaled by Rg, where
Rg
2 ¼ Na2/6. The propagator qP(r,t) represents the probability of

finding segments t at position r, which satisfies the following
modified diffusion equations
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subject to the initial condition qP(r,0) ¼ 1. The backward propaga-
tors qP*(r,t) satisfy the following modified diffusion equations
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subject to the initial condition qP
*(r,0) ¼ 1.

The mean-field equations are obtained by the saddle-point
approximation, setting dF/dfI ¼ 0, dF/duI ¼ 0, and dF/dx ¼ 0. The
SCFT equations can be written as
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The electrostatic potential is determined by a screened Poisson
equation, which is obtained by minimizing the free energy with
respect to the electrostatic potential, i.e. dF/d4¼ 0, which is given as	
V2 � l2



4ðrÞ ¼ �feðrÞ

g
(20)

where the constant g¼ 1/8ph. fe(r) is a summation over the charge
densities at position r, which is written as

feðrÞ ¼
X
I

zIqIfIðrÞ (21)

One of the main tasks is to solve the screened Poisson equation.
This equation was solved with spectral method, whose computa-
tional cost is much smaller than that of solving diffusion equations
(15) and (16). Therefore, the computational cost does not increase
too much. Moreover, the cost is independent of the number of
hydrogen bonds, and thereby the method suits for multiple-
hydrogen-bond systems. The detailed spectral method is given as
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where F and F�1 represent forward and inverse Fourier transform
operations, respectively.

The free energy can be split into the contributions of enthalpy U
and entropy S, i.e., F ¼ U � TS, where U ¼ Uc þ Ue. These terms
possess the following expressions:
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The SCFT equations were solved by using a variant of the algo-
rithm developed by Fredrickson and co-workers [45e48]. Initial
field configurations started from a general random state. The
diffusion equations were solved via the pseudo-spectral method
and operator splitting formula scheme, where the fast Fourier
transforms were performed by the software package developed at
MIT [49]. All of the simulations in the present work were carried
out with periodic boundary conditions. Each calculation utilized a
step size of Dt ¼ 0.01 and the spatial resolution Dx< 0.1Rg. The
numerical simulations proceeded until the relative accuracy in the

fields (measured by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
I
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I ðrÞ � uold
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r
) is smaller

than 10�10 and the incompressibility condition was achieved
[50,51]. The free energy was minimized with respect to the size of
simulation box, as suggested by Bonbot-Raviv and Wang [52].
Fig. 1. Sketch of supramolecular blends of AB- and B'C-diblock copolymers. The h and l

are the two characteristic lengths of the Yukawa potential j(r). The h is the amplitude
of potential related to the dielectric permittivity and the l is the screening length that
determines the range of the potential.
3. Results and discussion

The SCFT was applied to examine the phase behavior of supra-
molecular blends of diblock copolymers (AB/B'C) with hydrogen-
bonding interactions. Such interactions are implicitly modeled by
Yukawa potentials. In this work, we focused on the case that the
hydrogen bonds can only occur between B- and B'-blocks, as widely
studied in experiments [8e10]. As shown in Fig. 1, the B- and B'-
blocks were smeared with hydrogen bonds. The interactions be-
tween them are through Yukawa potentials. Thus, we set zA¼ zC¼ 0
and qA ¼ qC ¼ 0. The valence number of the charges on the block is
zB ¼ �zB' ¼ z. The volume fraction of the charges on the block is
qB ¼ qB' ¼ q. For the simplicity of investigations, the AB- and B'C-
diblock copolymers were treated to have the same volume-
averaged fraction and equal length, i.e. cAB ¼ cB'C ¼ 0.5 and
aAB ¼ aB'C¼ 1 (or NAB ¼ NB'C ¼ N). The interaction strength between
different blocks was set as cABN ¼ cAB'N ¼ cBCN ¼ cB'CN ¼ 20 and
cACN ¼ 10, leaving cBB'N as the single alterable interaction strength.
Additionally, to ensure the charge neutrality, the volume fraction of
the charged B-blocks is identical to that of charged B'-blocks,
parameterized by fA ¼ fC ¼ f and fB ¼ fB' ¼ 1-f. Therefore, the vari-
ables in the studies are q, l, g, and cBB'N.

3.1. Effect of hydrogen-bonding strength on hierarchical
microstructures

We first studied the microphase separation of symmetrical
diblock copolymers with f ¼ 0.5. Because of the symmetry of such
diblock copolymers, the blends are able to form lamellar micro-
structures. Fig. 2 shows the hierarchical microstructures obtained
from the symmetrical diblock copolymer blends with cBB'N ¼ 5,
g ¼ 0.01, and l ¼ 0.1 at various values of q. The blue, olive, green,
and red colors are assigned to A-, B-, B'-, and C-blocks, respectively.
Hierarchical microstructures such as parallel lamellae-in-lamellae
(Ljj, see Fig. 2a) and perpendicular lamellae-in-lamellae (L⊥, see
Fig. 2b) were observed at q ¼ 0.25 and q ¼ 0.35, respectively. These
morphologies of parallel and perpendicular lamellae-in-lamellae
self-assembled from supramolecular blends of diblock co-
polymers have also been observed in experiments [8,53]. From
Fig. 2a and b, we can see that the A-domains (blue color) and C-
domains (red color) are surrounded by B-domains (olive color) and
B'-domains (green color), respectively. This is due to the restriction
of the covalence connected diblock copolymer architecture. More
remarkable is that the B- and B'-blocks are contacted and inter-
mixed to form BB'-domains since the attractive interactions
through attractive Yukawa potentials. In addition, the two-
dimensional density profile of parallel (Ljj) and perpendicular (L⊥)
hierarchical lamellae was respectively presented in Fig. 2c and d to
illustrate the hierarchy of the lamellae-in-lamellae, where the black
dot lines are used to emphasize the underlying order of large-
length-scale and small-length-scale lamellae. As can be seen from
Fig. 2c, the small-length-scale lamellae (marked by yellow arrows)
are parallel to the large-length-scale lamellae (marked by light blue
arrows). From Fig. 2d, it can be seen that the small-length-scale
lamellae are perpendicular to the large-length-scale lamellae.

To examine the domains formed by B- and B'-blocks and get
more deep insight into the hierarchical lamellae-in-lamellae, we
analyzed the variation of block densities in hierarchical lamellae-
in-lamellae. The one-dimensional density profiles of each block



Fig. 2. (a) Parallel lamellae-in-lamellae Ljj (q ¼ 0.25) and (b) perpendicular lamellae-in-lamellae L⊥ (q ¼ 0.35) self-assembled from the supramolecular blends of AB- and B'C-diblock
copolymers with cBB'N ¼ 5, g ¼ 0.01, and l ¼ 0.1. The (c) and (d) show the corresponding cross sections of (a) and (b), respectively. The blue, olive, green, and red colors are assigned
to A-, B-, B'-, and C-blocks, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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for parallel lamellae-in-lamellae Ljj and perpendicular lamellae-in-
lamellae L⊥ along the chosen x arrows are shown in Fig. 3. It can be
seen from Fig. 3a and b that, for both the Ljj and L⊥, the hydrogen-
bonding donors and acceptors (B- and B'-blocks) are not homoge-
neously mixed but microphase-separated. The B- and B'-blocks
tend to localize at the two sides of A-domains and C-domains,
respectively. As shown in Fig. 3c, the A- and C-blocks contact with
each other to form A/C interfaces, which further demonstrates that
the microstructures are perpendicular lamellae-in-lamellae. It is
due to the fact that the A/C contacts are energetically favored in
terms of interfacial energy. From Fig. 3, it is noted that the degree of
peak separation between fB and fB0 in Ljj (Fig. 3a) are stronger than
that in L⊥ (Fig. 3b). This indicates that the degree of microphase
separation between B- and B'-blocks in Ljj are stronger than that in
L⊥; namely, the B- and B'-blocks are more homogeneously mixed in
L⊥ than that in Ljj. This would be discussed in more detail in the
following sections.

We further analyzed the variation of free energies upon the
formation of the observed parallel lamellae-in-lamellae Ljj and
perpendicular lamellae-in-lamellae L⊥. Fig. 4 shows the changes of
free energy for Ljj and L⊥ as a function of charge density q, screening
length l, and inverse amplitude g of Yukawa potential related to
dielectric permittivity, respectively. As can be seen from Fig. 4a, the
Ljj is shown to be more stable than the L⊥ at the smaller value of q.
This indicates that the lamellae-in-lamellae can be transformed
from Ljj to L⊥ as the charge density increases. It can also be seen
from Fig. 4a that the phase transition from Ljj to L⊥ is roughly at
q¼ 0.308 which is the intersection of the two free energy curves. In
contrast to q, the screening length l and inverse amplitude g of
Yukawa potential play the opposite roles in determining the sta-
bility of the hierarchical lamellae-in-lamellae (see Fig. 4b and c). As
the l and g increases, the L⊥ microstructures are transformed into
the Ljj microstructures. The transition points are l ¼ 0.45 and
g ¼ 0.013, respectively. Because the increase in q or decrease in l

and g leads to an increase in the attraction between B- and B'-
blocks, it implies that the perpendicular lamellae-in-lamellae L⊥

are preferred for the supramolecular blends with strong hydrogen-
bonding interactions. Since the increase in q or decrease in l and g

play similar effect on the hydrogen-bonding interactions, we only
concentrated on the influence of charge density q in the following
work.

To further clarify the dependence of the hierarchical lamellae-
in-lamellae on the strength of hydrogen bonds, we calculated the
domain size, the order parameter profiles, and the interfacial width
for supramolecular blends with various charge densities (q). Fig. 5
shows the lamellar period D/Rg of the hierarchical lamellae-in-
lamellae as a function of q for the supramolecular blends of AB-
and B'C-diblock copolymers with cBB'N¼ 5, g ¼ 0.01, and l¼ 0.1. As



Fig. 3. One-dimensional density profiles of the blocks along the x direction of the
hierarchical lamellae-in-lamellae of the supramolecular blends of AB- and B'C-diblock
copolymers with cBB'N ¼ 5, g ¼ 0.01, and l ¼ 0.1 at (a) q ¼ 0.25 and (b, c) q ¼ 0.35. D is
the lamellar period along the x direction which is indicated by white arrows in the
inserts. The inserts show the cross sections, where the colors appear as same as those
in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Plots of free energies as a function of (a) q at g ¼ 0.01 and l ¼ 0.1, (b) l at
g ¼ 0.01 and q ¼ 0.35, and (c) l at g ¼ 0.01 and q ¼ 0.35 for the supramolecular blends
of AB- and B'C-diblock copolymers with cBB'N ¼ 5 (n ¼ r0V/N). The transition point
between Ljj and L⊥ is indicated by an arrow. The inserts show two-dimensional density
profiles of parallel lamellae-in-lamellae Ljj and perpendicular lamellae-in-lamellae L⊥.
The colors appear as same as those in Fig. 2. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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can be seen, the increase in the charge density q produces a
decrease in lamellar period. This can be attributed to the fact that
the B- and B'-blocks are strongly associated at larger charge density.
As the phase transition from Ljj to L⊥ occurs, the lamellar period of
large-length-scale lamellae shows an increase. This discontinuous
variation of lamellar periods implies that the phase transition is
first-order. For the Ljj, both the periods of large-length-scale
lamellae and B/B'-domains decrease. While for the L⊥, the period
of large-length-scale lamellae shows a slight change and the period
of small-length-scale lamellae dramatically decreases. This in-
dicates that the A- and C-blocks become restricted to a narrower
space along the normal direction as the association of B- and B'-
blocks increases.

Fig. 6 illustrates the effect of charge density q on the order
parameter profiles fB(x)-fB0(x) of the parallel lamellae-in-lamellae
Ljj and perpendicular lamellae-in-lamellae L⊥. (Note that jfB(x)-
fB0(x)j ¼ 0 and 1 represents that the B- and B'-blocks are disorder
and complete separation, respectively.) As can be seen from Fig. 6,
the values of q have a pronounced influence on the order parameter
profiles. As shown in Fig. 6a and b, with increasing the q values, the
order parameter profiles for both the hierarchical lamellae-in-
lamellae show a shift to zero. This suggests that the increase in q



Fig. 5. Lamellar period D/Rg of Ljj and L⊥ as a function of q for the supramolecular
blends of AB- and B'C-diblock copolymers with cBB'N ¼ 5, g ¼ 0.01, and l ¼ 0.1. The
large-length-scale lamellar period DL of Ljj and L⊥, the period of BB'-domains DBB0 of Ljj

and the small-length-scale lamellar period DS of L⊥ are schematically presented in the
insets, where the DS of Ljj is equal to 2DBB'. The colors appear as same as those in Fig. 2.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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leads to a weaker segregation between B- and B'-blocks due to the
increased association of B- and B'-blocks by hydrogen bonds. To
understand such an effect, the interfacial width (w¼ (dfB/dx)�1 at
the interface [54]) was also calculated. The results for the Ljj and L⊥

were provided in the inserts of Fig. 6a and b, respectively. It can be
Fig. 6. Order parameter profiles fB(x) � fB0(x) along the x direction of (a) Ljj and (b) L⊥

of the supramolecular blends of AB- and B'C-diblock copolymers with various values of
q. The other parameters are cBB'N ¼ 5, g ¼ 0.01, and l ¼ 0.1. D is the period of the large-
length-scale lamellae. The inserts show the interfacial width and the corresponding
two-dimensional lamellae where the colors appear as same as those in Fig. 2. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 7. Phase diagram in (a) qel space at g ¼ 0.01 and (b) qeg space at l ¼ 0.1 for the
supramolecular blends of AB- and B'C-diblock copolymers with various values of cBB'N.
The inserts show the two-dimensional parallel lamellae-in-lamellae Ljj and perpen-
dicular lamellae-in-lamellae L⊥. The colors appear as same as those in Fig. 2. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
seen that the interfaces become broad as the q increases. This also
implies that the segregation between B- and B'-blocks is weaker in
the blends of AB/B'C diblock copolymers with a relatively larger
charge density.

Based on the obtained results, we plotted the phase diagrams in
qel and qeg spaces for the hierarchical lamellae-in-lamellae. The
diagrams are shown in Fig. 7. The phase boundaries are obtained by
comparing the free energies of the Ljj and L⊥. In qel space, as shown
in Fig. 7a, the phase boundaries from Ljj to L⊥ shift towards higher
value of q as the l increases. In qeg space, as shown in Fig. 7b, the
phase boundaries also show a shift to higher value of q as the g

increases. This effect can be rationalized by considering association
of B- and B'-blocks by hydrogen bonds. The increase in l and g

corresponds to the increase of the screening effect and the decrease
of the dielectric permittivity, respectively, weakening the
hydrogen-bonding interaction between B- and B'-blocks. This re-
quires more hydrogen bonds on the B- and B'-blocks to associate
them together (larger q), leading to a shift of boundaries to higher q
with increasing l and g.

In addition, the effect of interaction strength cBB'N between
hydrogen-bonding donors and acceptors on the phase behavior of
AB/B'C diblock copolymer blends was also presented in Fig. 7. In
both the phase diagrams, the phase boundaries shift upwards to
higher q as cBB'N increases. This indicates that stronger hydrogen-
bonding interactions are needed for the supramolecular blends
with higher cBB'N to form the perpendicular lamellae-in-lamellae
L⊥. An increase in the value of cBB'N (�0) can weaken the associa-
tion of B- and B'-blocks. To compensate this effect, the hydrogen-
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bonding interactions have to be increased, for example, increasing
the density q of hydrogen bonds on the B- and B'-blocks. This is the
reason that the phase boundaries shows a shift upwards to higher q
with increasing cBB'N.

3.2. Energy analysis of parallel-to-perpendicular lamellae-in-
lamellae transition

To further understand the effect of hydrogen-bonding interac-
tion on the structures, we calculated the interfacial energy Uc/nkBT,
electrostatic energy Ue/nkBT, and entropic loss �S/nkB for the su-
pramolecular AB- and B'C-diblock copolymer blends with various
charge densities q. Fig. 8 shows the variations of these energies as a
function of q, where the black dot line at q ¼ 0.308 indicates the
boundary of parallel-to-perpendicular lamellae transition. As the q

increases, i.e., as the hydrogen-bonding interaction increases, both
the interfacial energyUc/nkBT and entropy loss -S/nkB increases, and
the electrostatic energy Ue/nkBT decreases slightly. Upon phase
transition from the Ljj to L⊥, the interfacial energy and entropic loss
show a dramatic increase, and the electrostatic energy shows an
abrupt decrease.
Fig. 8. Plots of (a) interfacial energy Uc/nkBT, (b) electrostatic energy Ue/nkBT, and (c)
entropic loss �S/nkB as a function of q for the supramolecular AB- and B'C-diblock
copolymer blends with cBB'N ¼ 5, g ¼ 0.01, and l ¼ 0.1 (n ¼ r0V/N). The inserts show
two-dimensional density profiles of hierarchical parallel lamellae-in-lamellae Ljj and
hierarchical perpendicular lamellae-in-lamellae L⊥. The colors appear as same as those
in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
In according to the above free energy analyses, we provided a
scheme to illustrate the phase transitions. The scheme is presented
in Fig. 9, in which possible conformations of the supramolecular
copolymers in various structures are illustrated. Combining the
scheme with the energy variations (see Fig. 8), the phenomenon
that the Ljj transforms to L⊥ with increasing the hydrogen-bonding
interactions can be explained as follows. At lower hydrogen-
bonding interactions, the supramolecular blends are phase-
separated into Ljj with large period. In this way, the interfacial en-
ergy and entropic loss is minimized (Fig. 8a and c), since the specific
area of A/B(B0) and C/B(B0) interfaces can be effectively reduced.
With increasing the hydrogen-bonding interactions, the electro-
static energy favors the mixing of B- and B'-blocks, and the B- and
B'-blocks becomemore associated (Fig. 9a and b). The association of
B- and B'-blocks weakens the segregations of B- and B'-blocks,
narrowing the lamellar period. The specific area of A/B(B0) and C/
B(B0) interfaces increases, and the interfacial energy and entropic
loss also increases (Fig. 8a and c). Thus, this is a process balanced by
increasing electrostatic attraction and sacrificing the conforma-
tional entropy and interfacial energy.

When the interfacial energy increases to the critical point, the
free energy cannot be minimized in Ljj, and then the L⊥ is favored.
Compared with Fig. 9b and c, we can see that there are more B/B0

interfaces for forming hydrogen bonds in the L⊥, as indicated by the
white regions. (Note that in the Ljj the hydrogen bonds are formed
at the B/B0 interfaces parallel to large-length-scale lamellae, while
in the L⊥ the hydrogen bonds can be formed at the B/B0 interfaces
not only parallel but also perpendicular to large-length-scale
lamellae). As a result, the electrostatic energy decreases (Fig. 8b).
However, the additional A/C interfaces is produced in the L⊥,
leading to an increase in the interfacial energy (Fig. 8a). For the L⊥

at relatively lower hydrogen-bonding interactions, the period of
small-length-scale lamellae is larger. This is favored by conforma-
tional entropy due to broad distribution of the blocks (Figs. 8c and
9c). As hydrogen-bonding interactions increases, the chain distri-
bution is restricted to a narrower space owing to the increased
attraction between B- and B'-blocks (Fig. 9d), and the conforma-
tional entropic loss increases (Fig. 8c). Consequently, the period of
small-length-scale lamellae decreases as the hydrogen-bonding
interactions increases (Fig. 5). Overall, the transition from Ljj to L⊥

and the decrease in their respective period are attributed to the
optimization of electrostatic energy with sacrificing the entropy
and interfacial energy.

3.3. Comparison with experimental observations

Some experimental findings are available in the literature for
supporting our simulation results. Supramolecular blends of AB-
diblock copolymers and B'-homopolymers where the B and B0 can
form hydrogen bonds are the special AB/B'C supramolecular blends
where the length of C-blocks vanishes. There are lots of studies on
AB/B0 blend systems. For example, Chen et al. investigated the
phase behavior of poly(4-vinylphenol-b-styrene) (PVPh-b-PS)
blended with poly(4-vinylpyridine) (P4VP), poly(methyl methac-
rylate) (PMMA), and PVPh, respectively [16]. (Note that the
hydrogen-bonding strength of the blend systems is in a sequence of
PVPh-b-PS/P4VP > PVPh-b-PS/PMMA > PVPh-b-PS/PVPh.) They
found a nearly linear growth of the lamellar period with the con-
centration of PVPh-homopolymers in the PVPh-b-PS/PVPh blend
systems. While in the PVPh-b-PS/PMMA and PVPh-b-PS/P4VP
blend systems, the lamellar spacing shows a decrease as the ho-
mopolymer concentration increases.

To reproduce such behaviors, we carried out additional calcu-
lations for the lamellar spacing of AB/B0 supramolecular blends.
Fig. 10 shows the obtained normalized lamellar spacing for the



Fig. 9. Sketch of possible conformation of supramolecular copolymers in various structures, where the hydrogen-bonding interactions increase along the arrows. White regions
indicate the possible interfaces for forming hydrogen bonds.
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symmetric AB/B0 blend systems. The parameters were set as those
in the work of Dehghan and Shi [37]. The block lengths are
NA¼NB¼NB0, and the interaction strengths are cABN ¼ 12,
cAB'N ¼ 15, and cBB'N ¼ 2. In addition, g ¼ 0.01 and l ¼ 0.1. The
densities of the hydrogen-bonding accepters and donors are fixed
as q ¼ qB ¼ qB'. As shown in Fig. 10, at the weak hydrogen-bonding
regime (q ¼ 0.05), the lamellar spacing D/D0 increases as the con-
centration of B'-homopolymers increases. While at the strong
hydrogen-bonding regimes (q ¼ 0.25 and q ¼ 0.5), the increase in
homopolymer concentration results in a decrease in the lamellar
spacing. These results are consistent with the experimental find-
ings and those predicted by the interpolymer-complexationmodels
[16,37]. This further verifies that our method is an appropriate
approach to study the phase behaviors of the polymer blends with
hydrogen-bonding interactions.

In addition, the revealed mechanism for the Ljj-to-L⊥ transition
could account for some experimental phenomena that need to be
further clarified. Fredrickson et al. prepared blends of PEO-b-PS4HS
(AB) and PS4VP-b-PMMA (B'C) with various fractions of hydrogen-
bonded phenolic and pyridyl units [9,10]. As the number of
hydrogen-bonding donors in PEO-b-PS4HS (AB) copolymers
Fig. 10. Normalized lamellar spacing D/D0 for the symmetric AB/B0 blend systems at
various densities q ¼ qB ¼ qB0 of hydrogen-bonding acceptors and donors. The other
parameters are NA¼NB¼NB0 , cABN ¼ 12, cAB'N ¼ 15, cBB'N ¼ 2, g ¼ 0.01, and l ¼ 0.1. D0

is the lamellar spacing for the AB-copolymers.
increases (the number of hydrogen-bonding acceptors in PS4VP-b-
PMMA (B'C) copolymers are fixed), the structures formed by the
blends are transformed from tetragonal cylinders (Fig. 11a) to
hexagonal cylinders (Fig. 11b) (both Fig. 11a and b are reproduced
from ref. 10 with permission of ACS). In tetragonal cylinders
(Fig. 11a), the A-cylinders are packed in a tetragonal lattice with C4
symmetry and distributed uniformly around the C-cylinders. In
hexagonal cylinders (Fig. 11b), A- and C-blocks are intermixed to
form cylinders with C6 symmetry. Fredrickson et al. provided an
indefinite explanation for the phase transitions with donor-
acceptor stoichiometry, which is as follows. Because of the exces-
sive phenolic groups (hydrogen-bonding donors) on B-blocks, the
B-blocks can interact with A- and C-blocks by hydrogen bonds. The
increased interaction between B-blocks and A/C-blocks drives the
phase transition from tetragonal to hexagonal cylinders.

Our work could provide an explanation for the tetragonal-to-
hexagonal cylinder transition in another way. In the work carried
out by Fredrickson et al., the increase in the number of hydrogen-
bonding donors leads to the increase of hydrogen-bonding in-
teractions between B- and B0 blocks. (Note that although the
hydrogen bonding involves functional groups at localized sites that
saturate upon bonding, the hydrogen bonding cannot reach 100%
due to the entropic reason of the copolymers.) According to this
experimental evidence and the mechanism revealed for the Ljj-to-
L⊥ transition, it can be deduced that the phase transition from
tetragonal cylinders to hexagonal cylinders is mainly caused by the
increase in hydrogen-bonding interactions. The deduction is based
upon following consideration. In the hexagonal structures, the B-
and B'-blocks are uniformly mixed since A- and C-blocks are mixed
in the cylinders. Compared with the hexagonal structures, the B-
and B'-blocks cannot be effectively mixed in the tetragonal struc-
tures with separated A- and C-cylinders. This is because the B- and
B'-blocks are respectively chemically bonded to A and C-blocks, the
B- and B'-blocks have to stretch themselves to mix themselves
homogeneously as the A- and C-cylinders are separated. Due to
enhanced mixing of B- and B'-blocks, as the tetragonal-to-
hexagonal cylindrical transition occurs, both the interfacial en-
ergy and entropic loss increase. To compensate these two unfa-
vorable energies and lower total free energy, the electrostatic
energy has to decrease dramatically. As a result, only the supra-
molecular block copolymer systems with stronger hydrogen-



Fig. 11. SFM phase images of solvent annealed films from supramolecular block copolymer blends of PS4VP-b-PMMA/PEO-b-PS4HS (reproduced from ref. 10 with permission of
ACS) for (a) tetragonal packing with C4 symmetry and (b) hexagonal packing with PEO and PMMA mixed. Hierarchical cylindrical microstructures self-assembled from the su-
pramolecular blends of AB- and B'C-diblock copolymers with fA ¼ fC ¼ 0.3, fB ¼ fB' ¼ 0.7, cABN ¼ cAB'N ¼ cBCN ¼ cB'CN ¼ 20, cACN ¼ 10, cBB'N ¼ 5, g ¼ 0.01, and l ¼ 0.1: (c) tetragonal
packing with C4 symmetry (q ¼ 0.05), (d) hexagonal packing with A- and C-blocks mixed (q ¼ 0.30), and (e) hexagonal packing with separated A- and C-cylinders (q¼0.10). The
colors in the cross sections in (c) and (e) appear as same as those in Fig. 2. In (d), the polymers are schematically shown, and the purple and dark green colors are assigned to mixed
AC- and BB'-domains, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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bonding interactions can meet the demand.
Based on the above analysis, we can predict that an increase in

the hydrogen-bonding interactions (increase q or decrease l/g)
could lead to a phase transition from tetragonal to hexagonal cyl-
inders. To test the prediction, we carried out an additional calcu-
lation for the supramolecular blends of asymmetric diblock
copolymers. The lengths of AB and B'C-block copolymers were set
equal and the compositions of A- and C-blocks were set as
fA ¼ fC¼ 0.3, according to the work of Fredrickson et al. Without the
loss of generality, the other parameters are set as
cABN ¼ cAB'N ¼ cBCN ¼ cB'CN ¼ 20, cACN ¼ 10, cBB'N ¼ 5, g ¼ 0.01,
and l ¼ 0.1. The obtained results are shown in Fig. 10cee. As shown
in the Fig. 10c, the supramolecular blends self-assemble into
tetragonal structures with separated A- and C-cylinders at q ¼ 0.05.
At higher value of q, for example, q ¼ 0.30, the hexagonal structures
withmixed AC-cylinders is formed (Fig. 11d). The result well proves
the prediction, and therefore our explanation for the phase tran-
sition can support the experimental phenomena. In addition, we
found a new structure d hexagonal packing structure with sepa-
rated A- and C-cylinders (Fig. 11e)d that has not been observed yet
in the experiments and other SCFT calculations [10]. The formation
of this type of structures is also driven by the hydrogen-bonding
interactions.

The agreement with experimental observations demonstrates
that the present method is capable of studying the supramolecular
blends with hydrogen-bonding interactions. Although this method
was originally developed for the polyelectrolytes in salt solutions
[44], it also shows great power in studying polymer systems with
hydrogen-bonding interactions. In contrast with the present
method, the commonly used methods may not well reproduce the
experimental observations of Fredrickson et al. [9,10,37e41] The
difficulty in reproducing these experimental findings by the
commonly used methods may be as follows. Since our work
revealed that the interfacial energy exhibit marked influence on the
tetragonal-to-hexagonal cylindrical transition, the treatment of
hydrogen-bonding interaction with negative FloryeHuggins pa-
rameters may underestimate this important interaction [10]. As a
results, the method that treats the hydrogen-bonding interactions
as negative FloryeHuggins parameters could not produce these
experimental observations. In addition, the present method can
reproduce some other behaviors that the method with negative
FloryeHuggins parameters cannot well address. For example, the
method with negative FloryeHuggins parameters cannot properly
describe the change of lamellar spacing induced by the addition of
the B'-homopolymers to AB-diblock copolymers [37], while our
method can do it (see Fig. 10). On the other hand, the hydrogen-
bonding interaction, associated with the density and strength of
hydrogen bonds, plays a decisive role in determining the phase
transitions. Therefore, it is crucial to model the hydrogen-bonding
interactions appropriately (in particular the multiple hydrogen
bonds on each block). However, for the method that treats
hydrogen-bonding donors/acceptors as reactive polymers [37e41],
it is a rather hard task to tackle the blocks with multiple hydrogen
bonds. The present work provides a new SCFT method that over-
comes these two drawbacks and can be further extended other
supramolecular systems with complicated hydrogen-bonding
interactions.

Finally, it should be noted that saturation effect is an important
property of the hydrogen bonding. However, this effect is lacking in
this method because the Yukawa potential is a pair-wise potential.
Some other features of the hydrogen bonds such as directional are
also lacking due to the technical limitation of the SCFT. Neverthe-
less, it is demonstrated by comparing with available experimental
and theoretical results that the hydrogen bonding of polymers
could be simulated well by the present method with Yukawa
potential.

4. Conclusions

A self-consistent field theory was used for studying the
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supramolecular self-assembly of AB- and B'C-diblock copolymer
blends with hydrogen-bonding interactions between B- and B'-
blocks. The hydrogen-bonding interactions were described by the
Yukawa potential, and the hydrogen-bonding donors and acceptors
weremodelled as B- and B'-blocks smeared with opposite screened
charges. Parallel lamellae-in-lamellae and perpendicular lamellae-
in-lamellae were observed. Through comparing with the free en-
ergies, phase diagrams were mapped out. The perpendicular
lamellae-in-lamellae were found to be stable for the supramolec-
ular blends with strong hydrogen-bonding interactions that are
associated with higher charge density, smaller screening length, or
smaller inverse amplitude of Yukawa potentials. The analyses of
enthalpy and entropy reveal that the formation of perpendicular
lamellae-in-lamellae at strong hydrogen-bonding interactions is
favored by electrostatic energy. The obtained results can provide a
reasonable explanation for the tetragonal-to-hexagonal cylinder
transitions observed in the experiments for which the mechanism
is not well-understood yet. The present SCFTmethod can be readily
applied to other supramolecular blends with more complicated
hydrogen-bonding interactions.
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