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Lattice theory of rigid rods is extended to describe the microphase separation behavior of a rod-coil
diblock copolymer in solution. The free energy was formulated by inclusion of the energy terms
arising from the core-corona interface between the rods and coils and the corona formed by the coils
into the lattice model of rigid rods. The rod-coil diblock copolymer exhibits lyotropic mesophases
with lamellar, cylindrical, and spherical structures when the copolymer concentration is above a
critical value. The tendency of the rodlike blocks to form orientational order plays an important role
in the formation of lyotropic phases. Influences of polymer-solvent interaction, surface free energy,
and molecular architectures of the rod-coil diblock copolymer on the phase behaviors were studied,
and phase diagrams were mapped accordingly. The theoretical results were compared with some
existing experimental observations and a good agreement is shown. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3078266�

I. INTRODUCTION

Theory of ordering transition of a polymer solution con-
taining rigid rods was first proposed by Flory in terms of
lattice model.1,2 It was demonstrated that above a critical
polymer concentration the polymer solution exhibits liquid
crystalline ordered phase in which the rigid rods are arranged
with their long axes parallel to each other. Later on this
theory has been extended considerably to various liquid crys-
talline systems.3–12 By the case of its applicability, the theory
turns out to be highly useful in understanding the phase be-
haviors for manifold of systems. However, throughout the
early theoretical considerations, the majority of polymers
considered are homopolymers with rodlike conformation. If
the rodlike polymer is covalently linked to a linear coiled
polymer chain, the formed rod-coil block copolymer could
share characteristics of both rodlike liquid crystalline poly-
mer and diblock polymer. This rod-coil molecular architec-
ture imparts microphase separation of the rod and coil blocks
into ordered structures such as spherical, cylindrical, and
lamellar microstructures. The supramolecular structures of
the rod-coil polymers depend on a combination of organizing
forces including the tendency of the rod blocks to form ori-
entational order, the mutual repulsion of the dissimilar
blocks, the interaction between polymer and solvent, and the
packing constraints imposed by the connectivity of each
block.13–16

The Flory lattice theory has already shed some light on
the liquid crystalline phase behavior of the rod-coil copoly-
mers. For example, Matheson and Flory extended the early
lattice treatment to semirigid chains that contain inherent coil
units at certain locations along the rigid chain.8 It was found
that when the coil segments are forced into the anisotropic

phase, the degree of liquid crystalline order is decreased and
the biphasic gap is narrowed. In their lattice treatments, the
coil segment is regarded as a kind of diluent of the me-
sophase and has a degree of flexibility unaffected by the
orientational order. Another case is a polymer with intercon-
vertible rodlike and random-coil sequences. Polypeptide ex-
hibiting a helix-coil transition is a prototypical example of
this category. The lattice theoretical approach concerning this
system was first carried out by Flory and Matheson9 then by
Lin and co-workers.10–12,17 The free energy change for the
coil-helix transition was incorporated into the lattice scheme
by adopting an expression prescribed by Zimm and Bragg.18

A marked broadening of the biphasic gap and its shift to
higher polymer volume fractions were predicted as a result
of the coil-to-helix transition when the coil segments enter
the anisotropic phase. The equilibria of the helix-coil-type
polymer are not unlike the case of alternating rigid-coil block
copolymer. Formation of a liquid crystalline phase in such
copolymers could be accompanied by the stiffening of the
coil segments if the allowance is made for the conformation
changes. However, in all these lattice treatments, the interac-
tion between rodlike and coil blocks, which can give rise to
microphase structures with local clustering of the rodlike
blocks and randomly coil blocks, has not been considered.
As stated in Ref. 8, the lattice model can be elaborated by
inclusion of interfacial free energy terms in order to describe
such systems.

Several theoretical attempts have already been made to
deal with the microphase separation behavior of the rod-coil
block copolymers in various conditions. For example, Se-
menov and Vasilenco initiated a study of melts of diblock
copolymers consisting of a flexible tail connected to a rod-
like block.19 It was assumed that the tail and rodlike seg-
ments were incompatible, with the degree of incompatibility
described via the Flory–Huggins parameter �. At low enough
� values the rod-coil block copolymer exhibits a nematic
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phase. The nematic phase changes to a smectic phase as the
interaction parameter is increased. With further increasing �
the smectic phase is predicted to transform to a complete
monolayer region where the coil chains are expelled com-
pletely from the rigid rod monolayers and followed by a
bilayer lamellar phase. Halperin used scaling approach to
predict the self-assembly structures of the rod-coil block co-
polymers in a selective solvent.20 Formations of micellar and
lamellar structures are found. The lamellas are predicted to
exhibit a smectic A to smectic C transition driven by the
competition between surface and coil chain deformation free
energies. However, in his treatment the role of liquid crystal
formation of rod blocks is not considered. Williams and Fre-
drickson presented a theoretical study of a melt of diblock
copolymers consisting of a rigid and a flexible tail.21 In ad-
dition to the formation of lamellar phases with various struc-
tures, they predicted a phase of hockey puck micelle, where
the rods are packed axially into cylinders. Phase diagrams
including the hockey puck and lamella phases were mapped.
Studies on the microphase separation behaviors of the rod-
coil block copolymer according to the self-consistent field
theory and various simulation methods were also
reported.22–30 For example, Pryamitsyn and Ganesan em-
ployed the Flory–Huggins approach to model the enthalpic
interactions between the rods and coils and the Maier–Saupe
interaction to model the orientational interactions between
rods.24 In their two-dimensional calculations, nonlamellar
structures, such as puck/broken lamellar, arrowhead, and zig-
zag phases, have been identified.

However, as far as we know, no studies based on the
Flory lattice model have been carried out on the self-
assembly of the rod-coil diblock copolymers driven by the
liquid crystalline formation in solution. In the present work,
the Flory lattice model is further generalized by including the
free energies contributed from the core-corona interface and
corona formation in order to describe the self-assembly of
the rod-coil diblock copolymer in solution. Formations of
lyotropic mesophases with spherical, lamellar, and cylindri-
cal supramolecular structures were predicted and phase dia-
grams as functions of � parameter, surface free energy �, and
molecular structure parameters were constructed.

II. THEORETICAL MODEL

The system under consideration contains an isodiametri-
cal solvent and a diblock copolymer with an intrinsically
flexible coil block A and a rodlike block B. The degrees of
polymerization of the A and B blocks are NA and NB, respec-
tively. The interaction between polymer chain and solvent is
characterized by the Flory–Huggins parameter �. Incompat-
ibility of the rod and coil blocks manifests itself via a surface
energy per unit ��� at the interface between A and B aggre-
gate areas. The solvent is not selective to either A or B
blocks. In the dilute solution, the rod-coil block copolymer is
well dissolved in the solvent to form an isotropic phase.
When the polymer concentration is increased above a critical
value, the rodlike blocks tend to form orientational order and
lyotropic mesophases with lamellar, cylindrical, and spheri-
cal structures could be formed.31 These structures are

schemed in Fig. 1. The rodlike blocks are orientationally
aligned to form the liquid crystal aggregate core and the coil
blocks are expelled out of the core to form the corona. The
liquid crystal aggregate core has height of L, which is as-
sumed to be equal to NB. The width and length of the core
are Xlamella and Xlamella, Xcylinder and Ycylinder, and Xsphere and
Xsphere for lamella, cylinder, and sphere, respectively. The
free energy F per chain for such aggregation structures is
determined by the balance of the free energy of the core
�Fcore�, the excess free energy of the core-corona interface
�Finterface�, and the free energy of corona �Fcorona�. It is writ-
ten as

F = Fcore + Finterface + Fcorona. �1�

With respect to Fcore, which is the driving force for the for-
mation of lyotropic mesophase, we use the free energy ex-
pression for mixing of solvent and rigid rod prescribed by
Flory.1–3 In the present case, the rodlike blocks are placed
within the core in the form of monolayer; therefore, the
original free energy expression given by Flory should be
modified. The detailed deduction of the modified expression
is presented in the Appendix. Dividing the free energy �given
by Eq. �A6�� by NB /n0, the free energy per chain is obtained
as

Fcore = NBvs ln vs + vr ln vr − �NBvs + yvr�ln�vs +
yvr

NB
�

− vr�ln y2 − y + 1� + ln
1 + vs

4
+ vs ln

1 + vs

vs

+ �NBvrvs, �2�

where vs and vr are the volume fractions of solvent and

FIG. 1. �Color online� Schematic representation of the lyotropic mesophases
with lamellar, cylindrical, and spherical structures. The gray �red� and dark
gray �blue� lines denote the rod and coil blocks of the diblock copolymer,
respectively.
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rodlike block, n0 is equal to �ns+npNB�, ns and np are the
numbers of solvent and rodlike block within the core. y is the
disorientation index originally used in Flory’s 1956 paper.1

According to Refs. 20 and 32, the excess free energy of
the core-corona interface between liquid crystal core and coil
chain corona �per chain� can be given by

Finterface = �svr/np, �3�

where s is the core-corona interface area for lamella, cylin-
der, and sphere aggregations, respectively.

Borisov and Zhulina prescribed a free energy expression
�per chain� for the corona formed by coil chains of coil-coil
diblock copolymer.32 The aggregations are in the forms of
lamella, cylinder, and sphere. Such an expression is written
to be compatible with the present condition as follows:

Fcorona =
38/3

2�4 − i�
� �A2

iNB
�1/3

R4/3

���1 +
i + 2

34/3 � �A2

iNB
�1/3 NA

R2/3��4−i�/�i+2�

− 1� , �4�

where i=1,2 ,3 are for lamella, cylinder, and sphere, respec-
tively, R is the radius of the aggregate core, which is equal to
NB /2, �NB

2 +Xcylinder
2 �1/2 /2, and �NB

2 +2Xsphere
2 �1/2 /2 for

lamella, cylinder, and sphere, respectively,32 A2 is the effec-
tive second virial coefficient which is assumed to be
0.005 / �0.5−�� in the present work, and � is the polymer
density in the core, which is equal to vr in the present work.

As for a mixture consisting of a rod-coil diblock copoly-
mer and a solvent in dilute isotropic condition, Matheson and
Flory prescribed a free energy expression such as8

Fiso = ns
i ln vs

i + np
i ln

vp
i

x
+ �ns

i + xnp
i �

���1 −
1

x
�vp

i − vc
i ln Zc + �vs

ivp
i � − np

i ln �2, �5�

where ns
i and np

i are the numbers of solvent and rod-coil
polymers, vs

i , vp
i , and vc

i are the volume fractions of solvent,
copolymer, and coil, respectively, and x and � are the length
of the copolymer and the rodlike block length which are
equal to �NA+NB� and NB in the present condition. In Flory
and Matheson’s treatment, Zc is a statistical weight for the
chain in coil state relative to the rodlike state, which was
borrowed from the notion of the helix-coil theory for
polypeptides.18 In the present work, the energy difference
between the coil and rodlike states is neglected for simplic-
ity; thus Zc becomes 1. Since the polymer chains are sur-
rounded by the solvent molecules in the dilute solution, the
interaction between the rod and coil is not considered. Incor-
porating these conditions into Eq. �5�, the obtained expres-
sion of free energy per chain in dilute isotropic phase is

Fiso = �NA + NB��vs
i ln vs

i +
1 − vs

i

NA + NB
ln

1 − vs
i

NA + NB

+ �1 −
1

NA + NB
��1 − vs

i� −
1 − vs

i

NA + NB
ln NB

2

+ �vs
i�1 − vs

i�� . �6�

III. NUMERICAL CALCULATIONS

For the system containing a nonselective solvent and a
rod-coil block copolymer, isotropic phase forms at lower
polymer concentrations. When the polymer concentration is
increased above a critical value, the rod-coil block copoly-
mers form lyotropic mesophase with lamellar, cylindrical,
and spherical structures. The orientational order formation of
the rodlike block is the main driving force for incipience of
the anisotropic phase structures. The free energy expressions
�per chain� for the above system which can form lyotropic
phases with spherical, cylindrical, and lamellar structures are
given by Eqs. �1�–�4� as a function of the corresponding core
size. Minimization of F with respect to core sizes �Xlamella,
�Xcylinder, Ycylinder�, and Xsphere� gives equilibrium core size at
given conditions. The corresponding equilibrium corona size
is dependent on the core size and their relation is given by32

D�R� = R�1 +
i + 2

34/3 � �A2

iNB
�1/3 NA

R2/3�3/�i+2�

, �7�

where D is the radius of the corona. Using the equation to-
gether with the condition

NA + NB

vp
=

NA

vc
+

NB

vr
, �8�

where vc is the volume fraction of coils in the corona, the
volume fraction of rodlike block, vr, can be converted to the
overall volume fraction of the diblock copolymer, vp, in the
system. The phase diagrams as a function of vp thus can be
obtained. In addition, Eq. �6� gives the free energy of the
isotropic phase. The transitions between various phases in-
cluding isotropic phase and phases of spherical, cylindrical,
and lamellar aggregations occur when the corresponding
equilibrium free energies are equal. This determines the bin-
odal line between the neighboring morphologies.

Figure 2 shows a typical phase diagram where the �
parameter is plotted against volume fraction of the block
copolymer, vp. The diagram contains regions corresponding
to the isotropic phase �I�, spherical �S�, cylindrical �C�, and
lamellar �L� lyotropic phases. The isotropic phase where the
block copolymer is well dissolved in the solvent is exhibited
when the polymer concentration vp is lower. Increasing vp to
a critical value, rodlike blocks are orientationally aligned to
form liquid crystal aggregate core and the coil blocks are
expelled out of the core to form the corona due to the incom-
patibility between the rods and coils. Further increase in vp

leads to successive transitions from lamella to cylinder then
to sphere. The phase boundaries of the isotropy-lamella,
lamella-cylinder, and cylinder-sphere shift to higher polymer
concentrations when the � value decreases.

094907-3 Phase behavior of rod-coil diblock copolymer J. Chem. Phys. 130, 094907 �2009�



The role of the surface free energy per unit, �, which is
associated with the incompatibility between NA and NB

blocks, is illustrated in Fig. 3. The isotropic phase is stable at
low concentrations of the block copolymer, vp. The phase
boundary between the isotropic and lamellar phase is nearly
vertical, indicating that the change in � value has a weak
effect on the concentration for the anisotropic phase forma-
tion. However, with respect to the phase boundaries of the
lamella-cylinder and cylinder-sphere, they shift toward
higher polymer concentrations as � is increased. This implies
that the interaction between NA and NB blocks as manifested
by � plays an important role in determining the aggregation
morphologies. At a certain value of vp, for example, vp

=0.3, increase in miscibility between coils and rods �� be-
comes greater� leads to sphere→cylinder→ lamella transi-
tions. In the phase diagram there also exists a triple point
where isotropic, lamellar, and cylindrical phases meet.
Above this point the isotropic phase transforms to lamellar
and cylindrical phases successively as vp is increased, while
below this point the isotropic phase transforms directly to
cylindrical phase then spherical phase with increasing the vp

value. It should be noted that the stability regions of various
microstructures are determined by the balance of the free
energies of core, corona, and core-corona interface, which

depends on various parameters, such as block lengths and
polymer-solvent interaction parameter �. The phase regions
can be tuned by the variation of these parameters. For ex-
ample, at high enough value of �, only stable lamellar phase
is expected to exist. Figure 3 also shows the influence of �
on the stability region. The � values of �0.05, 0, and 0.05
were adopted in the calculations. As can be seen, the phase
regions including isotropy, sphere, cylinder, and lamella shift
to lower polymer concentrations when the value of � is in-
creased.

Figure 4 shows the effect of the coil block length on the
phase equilibria of the diblock copolymer at a given length
of rodlike block. The lamellar phase is dominant when NA is
small. When the coil block length is increased, the lamellar
phase transforms to cylindrical phase then to spherical phase.
It is also noted that change in coil length has less pronounced
effect on polymer concentration for the isotropy-anisotropy
transition. This can be attributed to the fact that the liquid
crystal formation is governed by the aggregation of the rod-
like blocks. Increasing NA while keeping the NB unchanged
should have a weak influence on the isotropy-anisotropy
phase boundary. In Fig. 4, phase diagrams are shown for �
=0.18, 0.20, and 0.22. With increasing � value from 0.18 to
0.22, the lamella-cylinder and cylinder-sphere phase bound-
aries shift upwards. However, less marked change is shown
for the isotropy-anisotropy transition.

Effect of variation of NB at a given NA is illustrated in
Fig. 5. As can be seen, the polymer concentration for the
formation of anisotropic lamellar phase decreases as the rod-
like block length is increased. This is in agreement with the

FIG. 2. Phase diagram of rod-coil diblock copolymer in solution. The ordi-
nate is the polymer-solvent interaction parameter �, while the abscissa is the
volume fraction of the block copolymer, vp. Invariant parameters used in the
calculations are NA=200, NB=200, and �=0.40. I: isotropic phase, L: lamel-
lar aggregation region, C: cylindrical aggregation region, S: spherical aggre-
gation region.

FIG. 3. �Color online� Phase diagram of rod-coil diblock copolymer in
solution calculated for �=−0.05, 0, and 0.05. The ordinate is surface energy
per unit �, while the abscissa is the volume fraction of the block copolymer,
vp. Invariant parameters used in the calculations are NA=200 and NB=200.
I: isotropic phase, L: lamellar aggregation region, C: cylindrical aggregation
region, S: spherical aggregation region.

FIG. 4. �Color online� Coil block length NA plotted against vp at �=0.18,
0.20, and 0.22. Invariant parameters used in the calculations are NB=300
and �=0.

FIG. 5. �Color online� Rodlike block length NB plotted against vp at �
=0.18, 0.20, and 0.22. Invariant parameters used in the calculations are
NA=100 and �=0.
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prediction of the lattice theory of rigid rods, i.e., the longer
the rigid rod, the lower the incipient polymer concentration
for the anisotropic formation.1–3 As for the lamella-cylinder
and cylinder-sphere phase boundaries, both shift toward
lower polymer concentrations with increasing NB. The influ-
ence of the change in � on the phase diagram is also shown
in Fig. 5. When the � value increases from 0.18 to 0.22, the
lamella-cylinder and cylinder-sphere phase boundaries shift
to higher polymer concentrations. However, the shift of the
isotropy-anisotropy phase boundary is negligible.

Since the preference of the rodlike blocks to form orien-
tational order plays an important role in forming lyotropic
mesophases, we further examined the relationship between
the orientational order of rods and the mesophase behavior.
Dependence of orientational order of the rodlike blocks
within the core on the phase behavior is shown in Fig. 6
where NB is plotted against disorientation index y. When the
orientational order of the rodlike blocks is higher, corre-
sponding to smaller y values, the spherical aggregation is
observed. As the rodlike blocks become less orderly aligned
�y turns greater�, the spherical phase transforms to cylindri-
cal phase then lamellar phase. Finally, the isotropic phase
appears at higher disorder of the rodlike blocks. From Fig. 6
the NB dependence of the order-disorder transition can also
be seen. The isotropy-lamella phase boundary shifts to
higher y values when NB is increased. This is expected since
the driving force to form anisotropy becomes stronger when
the NB value is greater.

IV. DISCUSSION

Self-assembly of the block copolymers through mi-
crophase separation has great potentials for creating su-
pramolecular structures with well-defined shapes and
functions.31,33,34 So far much attention has been paid to the
coil-coil diblock copolymers which are found to exhibit a
wide range of microphase separated structures. Such phase
behavior is understood to be mainly due to the mutual repul-
sion of the dissimilar blocks and the packing constraints im-
posed by the connectivity of each blocks. In comparison with
the extensive studies on the coil-coil diblock copolymers, the
phase behaviors of the rod-coil diblock copolymers, espe-
cially in solution, are not well understood. From the present
work, we learned that the isotropic to anisotropic phase tran-
sition of the rod-coil diblock is governed by the tendency of

the rodlike blocks to form orientational order �lyotropic me-
sophases form when vp is above a critical value�. The liquid
crystalline formation is the driving force for incipience of the
anisotropic phase structures. On the other hand, the mi-
crophase separated structures such as lamella, cylinder, and
sphere are mainly determined by the mutual repulsion of the
dissimilar rod and coil blocks. The incompatibility of the rod
and coil blocks manifesting itself via the surface energy at
the interface between A block and B block aggregate areas
plays an important role in determining the areas of the sta-
bility region of lamellar, cylindrical, and spherical aggrega-
tions, as can be seen in Figs. 4 and 5.

Some experimental and simulation evidences are avail-
able in the literatures for testing of our theory. Douy et al.
examined the phase structures of a rod-coil diblock copoly-
mer consisting of a polypeptide block in helix conformation
as the rodlike block.35 Lamellar mesophase was observed in
aqueous solution by x-ray diffraction. Each sheet of the
lamellar structure contains two layers: one formed by the
rodlike polypeptide block packed with their long axes
aligned and the other formed by the flexible chains arranged
in a random fashion. The helix rods are found to be tilted on
the plane of the lamellas and assembled in a hexagonal array.
This experimental observation is generally consistent with
the present theoretical work, i.e., the rod-coil copolymers can
self-associate into lamellar structure in solution above a criti-
cal polymer concentration, and the rod blocks are arranged
with their long axes parallel to each other within the layer of
lamella. Our theoretical work is also supported by some
simulation results. For example, Alsunaidi et al. studied the
liquid crystalline ordering in rod-coil diblock copolymers us-
ing dissipative particle dynamics simulations.26 Lamella me-
sophase was found for the rod-coil diblock copolymers. The
rods align to form the ordered layer, while the coils randomly
pack to form the disordered layer. Although the simulations
were performed in melt state, the obtained results can corre-
spond to the situations at higher vp in present work. The
DPD simulations show a qualitative match with the present
theory.

Lee et al. studied the self-organization of the rod-coil
molecules consisting of a mesogenic rod and a propylene
oxide with various lengths.15 The rod-coil molecules with 7
and 8 propylene oxide units exhibit layered smectic phase,
while the rod-coil molecules with 10–15 repeating units ex-
hibit a discontinuous cubic mesophase. Further increasing
the length of the coil induces a hexagonal columnar me-
sophase. Such experiments carried out in the melt state are
not unlike the case when the value of vp is greater in the
present work. The experimental observed smectic and hex-
agonal columnar mesophases can correspond to the lamellar
and cylindrical phases in our theory. As can be seen from
Fig. 4, at higher value of vp, transition from lamella to cyl-
inder phase takes place when the coil length increases. The
general tendency of the phase transition predicted by the
theory is consistent with the experimental observations, ex-
cept for the corresponding discontinuous cubic mesophase
which does not exist in the theory.

Finally, we wish to emphasize that the Flory lattice
mode, despite its artificiality, has proved successful in the

FIG. 6. Rodlike block length NB plotted against disorientation index y.
Invariant parameters used in the calculations are NA=100, �=0, and �
=0.20.
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treatments of the phase behaviors of the rodlike polymers.
The versatility of this theory has permitted its extensions to
various systems.3–12 In the present work, we extended the
lattice model of rigid rods to the rod-coil diblock copolymers
and give another example of the versatility of the lattice
theory. After incorporating the free energy terms contributed
from the core-corona interface and corona formed by the coil
chains into the lattice scheme, the theory provides a reason-
able insight for the phase behaviors of the rod-coil diblock
copolymer. It should be emphasized that orientation-
dependent interactions between the rigid rods could promote
the liquid crystallinity. However, the dominant molecular
characteristic responsible for the liquid crystals appears in-
variably to be asymmetry of molecules, especially in solution
where the molecules are surrounded by solvents.2 For sim-
plicity, we only consider the asymmetry of molecules in the
present work. The importance of the contribution of the
orientation-dependent interactions will be studied in our fur-
ther work. Moreover, in the present work, only three basic
microphase structures, i.e., sphere, cylinder, and lamella, are
considered for simplicity. The rod-coil diblock copolymer
may have some more complicated microphase structures,
such as bilayer lamella structure and lamella with the rod
tilted. The present theoretical model is ready to be elaborated
by inclusion of the corresponding free energy contributions
in order to describe these self-assembled microphase
structures.

V. CONCLUSION

In summary, we extended the lattice model of rigid rods
to the rod-coil diblock copolymers. The free energy was for-
mulated by inclusion of the energy terms arising from the
core-corona interface between the rods and coils and the co-
rona formed by the coils into the lattice model of rigid rods.
The rod-coil diblock copolymer exhibits lyotropic me-
sophases with lamellar, cylindrical, and spherical microstruc-
tures when the copolymer concentration �vp� is above a criti-
cal value. The isotropic to anisotropic phase transition of the
rod-coil diblock is governed by the tendency of the rod
blocks to form orientational order structure, while the mi-
crophase separated structures such as lamella, cylinder, and
sphere are mainly determined by the mutual repulsion of the
dissimilar rod and coil blocks. Influences of polymer-solvent
interaction, surface free energy, and molecular architectures
of the rod-coil diblock copolymer on the phase behaviors
were studied, and phase diagrams were mapped accordingly.
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APPENDIX: FREE ENERGY FOR RODLIKE BLOCKS
PLACED WITHIN THE AGGREGATION CORE IN
MONOLAYER FORM

Based on the Flory lattice model, the rodlike block with
axis ratio NB inclined to the orientation axis is divided into y
submolecules, each containing NB /y segments and requiring
therefore NB /y vacant lattice cells. The parameter y origi-
nally used in Flory’s 1956 paper serves as a measure of the
orientation of the rods with respect to the liquid crystal core.
We propose that j−1 rodlike blocks have been assigned lo-
cations in the volume with the total number n0 of lattice sites
and the first segments of rodlike blocks are restrained in the
cuboid surface as shown in Fig. 1. Following the approxima-
tion employed by Flory, the number of sites available to the
first segments of rod j, consisting of yj submolecules, is
2�n0 /NB�− �j−1�, where 2�n0 /NB� is the number of lattice
sites in the cuboid surface.

The probability that each succeeding site is vacant in the
row is given by the ratio of vacant sites to the sum of vacant
sites and submolecules.1 Hence, the probability that the
NB /yj −1 sites required for the remaining segments of the
first submolecules are vacant is

� n0 − NB�j − 1�

n0 − NB�j − 1� + 	i=1

j−1
yi
�NB/yj−1

. �A1�

The probability of vacancy in the lattice site for the first
segment of the second submolecule is �n0−NB�j−1�� /n0. A
factor like that given above is required for the remaining
segments of the second submolecule, etc. Combining these
factors, we obtain the number v j of situations available to an
additional rodlike block j by

v j = �2
n0

NB
− �j − 1��� n0 − NB�j − 1�

n0 − NB�j − 1� + 	i=1

j−1
yi
�NB−yj

��n0 − NB�j − 1�
n0

�yj−1

. �A2�

Introduction of y for the average �j−1�−1	i=1
j−1yi and combi-

nation of factors yields

v j =

2
n0

NB
− �j − 1�

n0 − NB�j − 1�
�n0 − NB�j − 1��NB

�n0 − �NB − yj��j − 1���NB−yj�n0
�yj−1� .

�A3�

Supposing total number np of rodlike blocks to be assigned
in the cuboid, then combinatory factor Zcomb can be written
by introduction of Stirling’s approximations as
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Zcomb =
1

np!
j=1

np

v j

=
�ns + ynp�!

ns ! np ! �n0�np�y−1�

�2
n0

NB
� ! � n0

NB
− np�!

NB
np�2

n0

NB
− np� ! � n0

NB
�!

,

�A4�

where ns=n0−npNB are the remaining vacant sites, which is
occupied by solvents.

The configuration partition function Z for mixture of
rodlike blocks and solvents is the product of combinatory
and orientational factors Zcomb and Zorient, respectively, where
Zorient can be written by �y /NB�2np.1 Then,

− ln Z = − ln�ZcombZorient� = ns ln vs + np ln vr

− �ns + ynp�ln
ns + ynp

n0
− np�ln y2 − y + 1�

+ �np +
ns

NB
�ln

1 + vs

4
+

ns

NB
ln

1 + vs

vs
, �A5�

where vs=ns /n0 and vr=npNB /n0 are the volume fractions of
solvent and rodlike blocks, respectively.

Moreover, the heat of mixing can be given by
�NBnpvs,

1,2 where � is the Flory–Huggins interaction be-
tween rodlike block and solvent. Thus, the free energy of
mixing for rodlike blocks placed with aggregation core in
monolayer form is obtained as

− ln Z = ns ln vs + np ln np − �ns + ynp�ln
ns + ynp

n0

− np�ln y2 − y + 1� + �np +
ns

NB
�ln�1 + vs

4
�

+
ns

NB
ln�1 + vs

vs
� + �NBnpvs. �A6�
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