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a b s t r a c t

Brownian dynamics simulations are performed to investigate self-assembly behavior of rod-coil-rod
triblock copolymers that contain two types of rod blocks. These rod-coil-rod triblock copolymers are
capable of self-assembling into liquid crystalline (LC) structures with hierarchy. The morphologies of the
hierarchical LC structures can be controlled by temperature, symmetry of LC blocks, and block length. As
the temperature decreases, a transition from isotropic lamellae to smectic C lamellae is observed,
accompanied by an increase in orientational ordering and tilt angle of rod blocks. For the hierarchical
lamellae-in-lamella structures formed by symmetric block copolymers, there are two LC phases with
nearly identical ordering and tilt angle for two rod blocks. While for the lamellae-in-lamellae formed by
asymmetric block copolymers, the two LC phases exhibit two different length scales with diverse
ordering degrees and tilt angles. By adjusting the lengths of coil and rod blocks, the stability regions of
the structures are mapped out in space of the block length versus the temperature. The findings in the
present work could provide useful information for understanding the self-assembly behavior of rod-coil-
rod triblock copolymers and designing hierarchical liquid crystalline structures.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Rod-coil block copolymers have a capability to self-assemble
into various microstructures with liquid crystalline (LC) phases,
including rectangular column, oblique column, and tetragon, etc.
[1e4] In these LC structures, the combination of ordered packing of
rod blocks and separation of immiscible rod/coil blocks determines
the structural characteristics [5e7]. Generally, the LC microstruc-
tures possess only one structure period at the nanoscale, for
example, the smectic structure formed by rod-coil diblock co-
polymers. When introducing two kinds of chemically different LC
molecules or one kind of LC molecules with various block lengths
into the system, hierarchical LC structures with double periodicities
can be obtained, showingmultiscale spatial orders over both LC and
amorphous domains [8]. Such hierarchical LC structures can find
important applications in fields such as optoelectronic devices,
), jlin@ecust.edu.cn (J. Lin).
high-modulus fibers, and biosystems [9e11].
Recently, hierarchical microstructures with multiple periods at

different length scales have attracted great interests, which focus
on the design of various hierarchical structures by tuningmolecular
topologies and chain compositions [12e24]. These structures are
mainly prepared by the self-assembly of flexible copolymers. In
contrast, the experimental studies on the hierarchical LC structures
are very limited [20e24]. The copolymers consisting of two kinds of
rod blocks are one candidate for self-assembling into hierarchical
LC structures. Iatrou et al. synthesized poly(g-benzyl-L-glutamate)-
b-poly(L-proline) (PBLG-b-PLP) polypeptides in which both the
PBLG and PLP adopt rigid helical conformations [20]. It was found
that these rod-rod copolypeptides can form hierarchical LC fibers
with the PBLG preferentially oriented along the fiber axis and the
PLP helices unoriented. They also reported the rod-rod diblock
copolymers composed of poly(benzyl-L-hydroxyproline) (PBLHyP)
and PBLG are able to form hierarchical LC structures such as zig-zag
lamellar structures, due to the mismatch in the packing periodic-
ities of the dissimilar PBLG and PBLHyP helices [21]. Haataja et al.
investigated the self-assembly behavior of poly(g-benzyl-L-gluta-
mate)-block-poly(L-lysine) (PBLG-b-PLL) in which the PLL amino
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Fig. 1. Coarse-grained model of a rod-coil-rod triblock copolymer. The block copol-
ymer is denoted by the type of RnCmR′n. The beads colored by green, blue, and red
represent rigid R block, flexible C block, and rigid R′ block, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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residues were ionically complexed to di-n-butyl phosphate (diC4P)
[22]. These PBLG-b-PLL(diC4P) rod-rod systems were found to form
double smectic-like structures with alternating PBLG and
PLL(diC4P) smectic layers of approximately perpendicular align-
ment of both types of a-helices. These works indicate that the rod-
rod block copolymers are promising in constructing hierarchical LC
structures with various LC states in the domains. Since the rod-rod
block copolymers such as PBLG-b-PLP and PBLG-b-PBLHyP can be
regarded as the rod-rod copolymers with negligible coil midblocks,
the rod-coil-rod copolymers can be the general architectures for
hierarchical LC structures. Despite of their capability, the under-
standing on the self-assembly of rod-coil-rod copolymers into hi-
erarchical LC structures is still limited and more detailed
exploration is necessary.

Apart from the experimental investigations, theory and com-
puter simulations have emerged as powerful tools to study the self-
assembly behavior of block copolymers comprised of rod blocks
[25e40]. They could provide more straightforward results than
pure experiments and overcome the limitation inherent in exper-
iments. So far, various approaches, such as self-consistent field
theory (SCFT) [25e28], Brownian dynamics (BD) simulations
[29e31], and dissipative particle dynamics (DPD) simulations
[32,33], were successfully applied to investigate the phase behavior
of the block copolymers with rod blocks. In our previous work, we
revealed that C′(RC)nR′ multiblock copolymers can self-assemble
into a series of smectic-in-smectic, isotropic-in-smectic, and
smectic-in-amorphous phases by using real-space SCFT [8]. The
hierarchical LC structures exhibit not only double periodicities in
overall structure but also double orientational orders of rod blocks.
However, the architecture of the C′(RC)nR′ copolymers is complex
and it is difficult to be prepared in experiments. In contrast with the
C′(RC)nR′ copolymers, rod-coil-rod block copolymers could more
easily be synthesized and therefore merit more attention.
Currently, there are several investigations on the self-assembly of
rod-coil-rod copolymers in dilute solutions and bulks by theoretical
calculations and computer simulations [41e45]. Note that these
studies are concentrated on the rod-coil-rod copolymers with
identical kinds of two end rod blocks and hierarchical LC structures
cannot be formed. Therefore, computer simulation study on the
self-assembly of rod-coil-rod copolymers into hierarchical LC
structures is still lacking. The BD simulations can be used to
investigate the self-assembly of the rod-coil-rod copolymers due to
their success in studying the phase behavior of the copolymers
with rod blocks [29e31,46e48]. For example, Glotzer et al. per-
formed BD simulations on rod-coil diblock copolymers, and ob-
tained various LC phases, including cubic phase, smectic C phase,
tetragonally perforated lamellar phase, and honeycomb phase [31].
The morphologies of LC structures were found to be dependent of
rod aspect ratio, coil length, and temperature.

In this work, we performed a Brownian dynamics simulation to
study the self-assembly behavior of rod-coil-rod triblock co-
polymers. The effects of temperature, symmetry of LC blocks, and
length of blocks on the formed hierarchical LC structures were
examined. The packing ordering and tilt angle were characterized
and compared for two cases, i.e., symmetric block copolymers and
asymmetric block copolymers. By systemically changing the block
length and the temperature, the stability regions of the structures
were mapped out in the space of block length versus temperature.

2. Model and method

We considered a system of rod-coil-rod triblock copolymers
with two types of rod blocks, and constructed a coarse-grained
model, as typically shown in Fig. 1. The block copolymer is deno-
ted as RnCmR′n, where the subscripts represent the bead number on
each block. The R and R′ rod blocks were both modeled as n beads
linked in a linear geometry [31,49]. Each rod block was treated as a
rigid body without bonding potential between beads. The spacing
between adjacent spheres for R and R′ blocks were defined as d and
d0, which determines the degree of roughness within the rods. The
lengths (in units of s) of R and R′ blocks were given by L ¼ [(n-1)
dþ1] and L0 ¼ [(n-1)d0þ1], respectively. Therefore, d ¼ d0 corre-
sponds to a symmetric copolymer and d s d0 corresponds to an
asymmetric copolymer. The coil block consists of m beads bonded
together via a finite extensible nonlinear elastic (FENE) potential
[50,51], given by

UFENE¼
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where k is the bond spring constant, R0 is the maximum extended
length of bonds, and r is the distances between adjacent beads. In
this work, we set k and R0 to be 30ε/s [2] (ε is the energy unit) and
1.5s so as to ensure stiff bonds and avoid chain crossing [50]. The
bonds between rod block and coil block also adopt the FENE
potential.

The nonbonding potential Uij is given by the standard Lennard-
Jones 12:6 potential acting between any pair of i-th and j-th beads
[41]:
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where rcij is the cutoff distance, rij ¼
��ri � rj

��with ri and rj being the
position vectors of the i-th and j-th beads, and εij is the interaction
parameter between i-th and j-th beads. The compatibility of poly-
mer blocks in this model is realized by introducing different cutoff
distances of LJ potential [52,53]. The distances rcCC, r

c
RC, r

c
R0C and rcRR0

were all set as 21/6 to realize the repulsive C-C, R-C, R′-C and R-R′
interactions, while the cutoff distances rcRR and rcR0R0 were chosen as
2.5 to indicate that the R-R and R′-R′ interactions are attractive.
These selections of rcij imply that the R and R′ blocks are hydro-
phobic and the C blocks are hydrophilic. The diameter s of LJ bead is
kept at unity for any pair of species, and the interaction parameters
εij between any pair of species are also unity.

All the simulations were performed in a cubic cell with periodic
boundary conditions using a Brownian dynamics algorithm with
the temperature controlling method (NVT ensemble) [54]. The
beads are coupled to a heat bath, and the equations of motion are
written by
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mi
d2ri
dt2

¼ Fi � G0
dri
dt

þWiðtÞ (3)

wheremi is themass of the i-th bead, G0 is the friction constant, and
Fi is the force acting on the i-th bead calculated by the potential
energies consisting of UFENE and Uij. In the Brownian dynamics, the
effect of solvent molecules is implicitly treated by a noise term
Wi(t), which can be calculated through the fluctuation-dissipation
relation [55]:

�
WiðtÞ$Wjðt0Þ

� ¼ 6kBTG0dijdðt � t0Þ (4)

The equations of motionwere solved by the leapfrog integration
algorithm using a time step of Dt ¼ 0.006t (t is the time unit). Note
that the rotational freedom degrees of rod blocks were incorpo-
rated using the equations for rotation of linear bodies [56]. We
started the simulations from a random structure, and then equili-
brated the copolymer systems athermally (repulsive interactions
only) at a high temperature (T ¼ 6.0). Subsequently, the systems
were cooled to the target temperature by decrementing the tem-
perature at DT ¼ 0.1. Note that the present work are mainly focused
on the annealing cases and found that the cooling/heating rates
show negligible influence on the results. If the rate is very high,
there would be some hystereses or metastable states, but it is
beyond the present consideration. Finally, the simulations run
5 � 107 time steps until the temperature reaches 1.0. The reduced
temperature T can be converted into the real unit through the
relation of 1T ¼ ε/R ¼ 60.1 K, where the energy unit ε is chosen as
0.5 kJ/mol, and R is the gas constant [46]. Therefore, as the reduced
temperature changes from 6.0 to 1.0, the actual temperature de-
creases from 360.6 K to 60.1 K.

Here we defined the volume fraction 4 of triblock copolymers,
given by Nchain[(n-1)(d þ d0) ps2/4þ(mþ2)ps3/6]/V for rod blocks
containing overlapped spheres and Nbeadps

3/6V for rod blocks
without overlapped spheres, where V is the box volume, and Nchain
and Nbead are the total numbers of polymer chains and beads,
respectively. To simulate a neat system (without solvents), we need
to set a high volume fraction such as 4¼ 0.45 [30]. By assigning the
molecule structure, volume fraction, and chain number, the volume
of simulation box can be calculated. To avoid the effect of finite
system size, the systems of Nchain ¼ 500, 1000, and 2000 were
respectively considered for the R5C4R′5 copolymers (d ¼ d0 ¼ s) at
4 ¼ 0.45 and similar results were obtained. In the following sim-
ulations, n ¼ 5, d ¼ s, and 4 ¼ 0.45 were fixed, while the values of
d0 and m were variable to model various lengths of rod and coil
blocks. All BD runs were carried out by using the large scale atomic/
molecular massively parallel simulator (LAMMPS) which was
developed by Sandia National Laboratories [57].

In addition, the orientation degree of rod blocks in the hierar-
chical LC structures can be characterized by order parameter S. The
Si for i-th rod block is defined by:

Si ¼
3ðui$udÞ2 � 1

2
(5)

where ui is the normalized vector of i-th rod block, ud is the
normalized vector of orientation direction, which is determined by
iteration to find the maximum value of S by dividing the polar-
coordinate space into pieces. The order parameter S of rod blocks
within a specific structure is the average value of Si. We also
calculated the tilt angle q of rod blocks with respect to the inter-
facial normal in formed smectic C structures at a low temperature.
The tilt angle (<90�) was captured for both R and R′ blocks, which
satisfies the following relation
cosðqÞ ¼ jud,ulj (6)

where ul is the normalized vector perpendicular to the interface of
the lamellae.

3. Results and discussion

In this work, self-assembly of rod-coil-rod triblock copolymers
in bulk was studied and the effects of temperature and molecular
architecture were examined. The simulations were performed for
two cases, i.e., symmetric block copolymers and asymmetric block
copolymers. For the symmetric block copolymers, we chose the
R5CmR′5 model with d ¼ d0 (0.5e1.0s), and therefore the lengths of
the R and R′ blocks are the same (3.0e5.0s). The length of coil
blocks was denoted by the coil bead numberm varying from 2 to 5.
On studying the effect of the length of coil blocks, the lengths of R
and R′ blocks were both kept as 5.0s. While for investigating the
influence of the length of rod blocks, the mwas set to be 4. For the
asymmetric block copolymers, the d was fixed as s, but the d0 was
changed from 0.5s to s corresponding to the R′ block lengths of
3.0e5.0s. We adjusted the length of R′ blocks by changing the
adjacent space d0 between beads instead of the bead number to
ensure the same density for each system. The length of coil blocks
was also varied between 2 and 5. The chain number of block co-
polymers was set to be 1000 for both cases.

3.1. LC structures self-assembled from symmetric triblock
copolymers

It is well-known that the packing ordering of thermotropic
liquid crystal polymers is very sensitive to the temperature [32,33].
In high-temperature region, the LC molecules hold an isotropic
state, while they can exhibit ordered packing in low-temperature
region. By cooling the symmetric R5CmR′5 copolymer systems
from T ¼ 6.0 to T ¼ 1.0, the morphology transformation of LC
structures, as well as the ordering degree and tilt angle of the rod
blocks were studied. In addition, we compared the order parameter
of rod blocks of the triblock copolymers with that of rod-coil
diblock copolymers. Then the effects of the lengths of the coil
blocks and the rod blocks on the LC structures and chain packing
were examined.

Fig. 2aec presents the temperature dependence of LC structures
formed by R5C4R′5 triblock copolymers with L¼ L0 ¼ 5.0s. At a high
temperature (T ¼ 5.5), an isotropic structure with the blocks
randomly packed was initially obtained (Fig. 2a). When the tem-
perature is 3.5, the isotropic structurewas found to transform into a
lamellar structure with low ordering of rod blocks. As the tem-
perature decreases, the rod blocks tend to pack in a parallel fashion,
and a more ordered lamella was formed at T ¼ 2.5 (Fig. 2c). With
further decreasing the temperature to 1.0, the copolymers self-
assemble into a highly ordered smectic C lamellar structure, as
shown in Fig. 2d. In the smectic C lamellae, both the R and R′ blocks
take the orientation of smectic C, that is, a tilt angle exists between
the orientational direction and the lamellar normal direction.
Further decreasing the temperature, the crystalline structure was
finally observed.

To characterize the variation of the ordering of rod blocks in the
structural evolution of R5C4R′5 triblock copolymers, we calculated
the order parameters for two rod blocks, which are shown in
Fig. 2e. As shown in the figure, the variation of order parameters S
as a function of the temperature exhibits the same tendency for the
R and R′ blocks. When the temperature is higher than 3.7, the S is
close to zero, indicating that the rod blocks are in disordered state
(Dis). In the region of 2.9 < T < 3.7, the S is still lower although a



Fig. 2. Morphologies of LC structures formed by symmetric R5C4R′5 triblock copolymers with L ¼ L0 ¼ 5.0s at various temperatures: (a) T¼ 5.5, (b) T ¼ 3.5, (c) T ¼ 2.5, and (d) T ¼ 1.0.
(e) Order parameters S for the R and R′ blocks as functions of the temperature. Regions of disordered phase (Dis), isotropic lamella (IL), nematic lamella (NL), and smectic C lamella
(SCL) are marked. The order parameter for R block of R5C4 diblock copolymers was also shown for comparison.
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lamella structure is formed (Fig. 2b). We referred to this kind of
lamellar structure with S < 0.43 as an isotropic lamella (IL). In the
region of 2.1 < T < 2.9, the order parameters increase gradually with
the temperature. To distinguish the IL, the lamella with
0.43 < S < 0.9 was defined as a nematic lamella (NL). When the
temperature is below 2.1, the order parameter is higher than 0.9,
where the lamella with high ordering is named as a smectic C
lamella (SCL). We also compared the ordering variation of the rod
blocks of triblock copolymers with that of rod-coil R5C4 diblock
copolymers. The order parameter of the rod blocks for R5C4 co-
polymers is incorporated in Fig. 2e. It is obvious that the temper-
ature at order-disorder transition (ODT) for R5C4 is higher than that
of R5C4R′5. In addition, the order parameter of R5C4 is relatively
higher and increases more markedly with decreasing T. The results
indicate that the ordering of the rod blocks is hindered by the
chemically bonding constraint of another rod block to the diblock
copolymer.

In the above, three critical points of S ¼ 0 (T¼ 3.7), S¼ 0.43, and
S ¼ 0.9 were chosen. The first critical point of S ¼ 0 (T ¼ 3.7) cor-
responds to the Dis-to-IL phase transition, whereas the second
critical point of S ¼ 0.43 corresponds to the IL-to-NL phase transi-
tion. Due to the dramatic variation of the order parameter in the
phase transition, both the Dis-to-IL and IL-to-NL phase transitions
are considered to be first order [58]. Note that the critical point of
S ¼ 0.43 corresponds to point where the order parameter suddenly
increases in the transition from isotropic lamella to nematic lamella
(see Fig 2e). This critical value is consistent with that predicted by
Maier-Saupe theory [59]. The critical value of S ¼ 0.9, corre-
sponding to the NL-to- SCL phase transition, is chosen as the
intersection points of two tangent lines to the curve (between
S z 0.43 and S z 1.0) at the points near transitions. The NL-to- SCL
phase transition could be a second-order transition due to the
continuous variation of the order parameters [58]. In what follows,
these three critical points were approximately used to distinguish
the phases.
Subsequently, we examined the effect of the length of coil blocks
on the LC structures formed at a low temperature (T ¼ 1.0). Three
samples with m ¼ 3, 4, and 5 were typically addressed, and the
results are shown in Fig. 3a. These triblock copolymer systems all
undergo a transition from isotropic structure to smectic C structure
with decreasing the temperature. For m ¼ 3 and 4, the structures
are similar at T ¼ 1.0, in which the rod blocks show similar incli-
nation (see Fig. 3a1 and 3a2) tilting direction. However, for m ¼ 5,
there are two tilting directions for both R and R′ blocks in the
lamellar structure composed of alternating R and R′ layers (see
Fig. 3a3). The alternating appearance of two tilting directions in R
or R′ layers leads to the formation of arrowhead-like structure, as
schematically shown in Fig. 3a3. This kind of complicated lamellar
structure can be referred to as interdigitated-arrowhead lamellae
that belong to the smectic C lamellae.

The interdigitated-arrowhead lamellar structure is an inter-
esting finding of this work. Although both the R and R′ blocks
exhibit two different tilting directions with respect to the lamellar
normal, the tilt angle are approximately the same. The structural
symmetry of interdigitated-arrowhead lamellae can be contributed
to the geometric symmetry of the copolymer architecture. As a
matter of fact, the arrowhead-like lamellae with alternating
appearance of rod alignments at two tilting directions have also
been found in a rod-coil diblock copolymer system [30]. However,
because of the only one kind of rod blocks, the alternating phe-
nomenon of two kinds of rod layers is absent. Horsch et al. found
that the rod-coil diblock copolymers with an aspect ratio of 5:1 of
rod blocks can self-assemble into the arrowhead-like lamella at the
fraction of 0.375 < fc < 0.44 of coil blocks, where fc is relative ratio of
coil bead number to total bead number [30]. The reason for the
formation of arrowhead patterns between neighboring rod
monolayers may be that the correlation between rod layers is weak
due to the thick coil layers between them and the short range of the
rod-rod interactions. The arrowhead morphology cannot be
observed at a low fc, and instead, the traditional smectic C structure



Fig. 3. (a) Snapshots of LC structures formed by symmetric R5CmR′5 triblock co-
polymers with various lengths of coil blocks at a low temperature of T ¼ 1.0: (a1)
m ¼ 3, (a2) m ¼ 4, and (a3) m ¼ 5. The sketch of the interdigitated-arrowhead lamella
is also shown. (b) Stability regions of the structures formed by symmetric R5CmR′5
triblock copolymers in the space of coil block length versus the temperature. The right
axis shows the corresponding ratio f of coil length to rod length defined as
f ¼ ðncoil�1ÞR0þs

ðnrod�1Þdþs
. Regions of disordered phase (Dis), isotropic lamella (IL), nematic

lamella (NL), and smectic C lamella (SCL) are shown. The smectic C lamella contains the
traditional smectic C lamella (T-SCL) and interdigitated-arrowhead lamella (IA-SCL).

Fig. 4. Stability regions of the structures formed by symmetric R5C4R′5 triblock co-
polymers in the space of rod block length versus the temperature. The right axis shows
the corresponding ratio f of coil length to rod length. Regions of disordered phase (Dis),
isotropic lamella (IL), nematic lamella (NL), and smectic C lamella (SCL) are shown. The
smectic C lamella contains the traditional smectic C lamella (T-SCL) and interdigitated-
arrowhead lamella (IA-SCL).
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is formed, similar to our simulation. The block copolymers with
shorter coil blocks can possess stronger attraction between the rod
blocks due to the increased hydrophobicity of the copolymers or
the increased attractive proportion (rod blocks) in the copolymers.
This restricts the rod blocks to being packed along the same
direction. In our study, the formation principle of interdigitated-
arrowhead lamellae is similar to that of rod-coil diblock
copolymers, but it is relatively more complicated due to the exis-
tence of two rod blocks.

Summarizing the results regarding the effects of the length of
coil blocks and the temperature, the morphology stable regions of
various LC structures were mapped out. The result is presented in
Fig. 3b. To gain insight into the relative lengths of coil and rod
blocks, the corresponding ratio of coil length to rod length was
given in the right axis. The morphologies observed include the
disordered phase (Dis), isotropic lamella (IL), nematic lamella (NL),
and smectic C lamella (SCL), where the smectic C lamella contains
the traditional smectic C lamella (T-SCL) and interdigitated-
arrowhead lamella (IA-SCL). At higher temperature, the rod-coil-
rod triblock copolymers are in a disordered state. The ODT hap-
pens with decreasing the temperature, and the isotropic lamella is
formed. The ODT boundary shifts toward lower temperature with
increasing the length of coil blocks. As the temperature further
decreases, a transition from isotropic lamella to nematic lamella
and then to smectic C lamella was shown. On the other hand, with
increasing the length of coil blocks, the region of isotropic lamella
becomes narrower, while the region widths of nematic lamella and
smectic C lamella keep unchanged roughly. The boundary between
nematic lamella and smectic C lamella tends to shift toward higher
temperature, suggesting that at a constant T the smectic C lamella is
easier to form than the nematic lamella for longer coil blocks. In
addition, the interdigitated-arrowhead lamella is formed for longer
coil blocks instead of the traditional smectic C lamella.

For the symmetric triblock copolymers, when we change the
lengths of two rod blocks simultaneously, the LC structures of co-
polymers can also be changed. To demonstrate the effect of the
length of rod blocks, we constructed the morphology stable regions
of various LC structures in the space of the length of rod blocks
versus the temperature, as shown in Fig. 4. The length of coil blocks
was set as 4. It can be seen that the copolymers can form similar
morphologies to those for various lengths of coil blocks. Obviously,
the ODT boundary shifts toward lower temperature with
decreasing the length of rod blocks. The order-order transitionwith
the temperature has the same rule as above mentioned, that is, the
transition from isotropic lamella to nematic lamella and then to
smectic C lamella as the temperature decreases. With decreasing
the length of rod blocks, the region of isotropic lamella becomes
narrower, and the structure can only be observed for longer rod
blocks. The boundary between nematic lamella and smectic C
lamella tends to shift toward lower temperature, suggesting that at
a constant T the smectic C lamella is easier to form than the nematic
lamella for longer rod block. In addition, the interdigitated-
arrowhead lamella is formed for the shorter rod block instead of
the traditional smectic C lamella.

From Figs. 3b and 4, we learned that there are phase transitions
from NL to T-SCL (or IA-SCL) with increasing the coil length or rod
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length at certain temperatures. As the coil block is short, the rod
blocks are randomly oriented to make the coil blocks relax and thus
the NL is formed. However, the enthalpy would increase. As the coil
block becomes long, the (long) rod blocks arewell aligned to reduce
the enthalpy without stretching the coil blocks too much. There-
fore, the T-SCL (or IA-SCL) is formed. On the other hand, as the rod
block is short, the attraction between rod blocks is smaller, and the
entropy dominates the phase separation. As a result, the NL phase is
favored. When the rod block is long, the attraction between rod
blocks dominates the phase separation and the rod blocks tend to
be well arranged in the structures. Under this condition, the T-SCL
(or IA-SCL) with highly orientational rod blocks is preferred.

The dependencies of order parameters and tilt angles of two rod
blocks on the temperature and lengths of coil blocks are shown in
Fig. 5. From Fig. 5aec, it can be seen that the S curves are almost
overlapped for R and R′ blocks due to the length symmetry of tri-
block copolymer. We can also view the effect of the length of coil
block. For m ¼ 3 and 4, the S curves have two sharp rises which
occur at S z 0 and S z 0.43, respectively. These correspond to two
first-order Dis-to-IL and IL-to-NL phase transitions. For m ¼ 5,
however, the two sharp rises in the S curve are not obvious due to
much narrower region of IL phases. The continuous variation of
order parameters between S z 0.43 and Sz 1.0 implies the NL-to-
T-SCL transition could be second order. In addition, the ODT tem-
perature for m ¼ 5 is slightly lower than those of m ¼ 3 and 4. The
difference in the order parameters may be ascribed to the structure
diversity. Shorter length of coil blocks can decrease the freedom
degree of rod blocks more greatly, decelerating the ordered packing
of rod blocks. The tilt angle q of rod blocks with respect to the
interfacial normal, which is an important parameter characterizing
whether the structures are smectic A or smectic C lamella, was
calculated for the R and R′ blocks. The results are shown in
Fig. 5def. In the low-temperature regions (T < 2.0), the tilt angles
for all structures increase with decreasing the temperature, and
have nearly overlapped curves for both the R and R′ blocks. In
addition, the length of coil blocks was found to exert a less marked
influence on the values of tilt angles.

Several theoretical reports on rod-coil block copolymers can
provide evidences that the tilt angle of rod alignment increases
Fig. 5. (aec) Order parameters S and (def) tilt angles q of R and R′ blocks in the LC structur
The m values are (a, d) m ¼ 3, (b, e) m ¼ 4, and (c, f) m ¼ 5.
with the decrease of temperature for rod-coil-rod triblock co-
polymers [25,26]. Matsen and Barrett used the SCFT in Semenov-
Vasilenko model to examine the phase behavior of rod-coil
diblock copolymers [25]. It was found that at certain contents of
coil blocks, the LC structures can be transformed from smectic A to
smectic C phases with increasing the interaction parameter cN. It
implies that stronger interactions can lead to a more tilted packing
of rod blocks. In our system of rod-coil-rod triblock copolymers, the
two rod blocks are more inclined at a lower temperature. The
decrease of temperature can correspond to the increase in cN, and
the increase in the tilt angles represents a more tilted alignment of
rod blocks in the lamellar structures. The variation tendency for tilt
angles of two blocks in the triblock copolymers is in accordance
with the theoretical predictions of rod-coil diblock copolymers.

3.2. Hierarchical LC structures self-assembled from asymmetric
triblock copolymers

In this subsection, we focused on the self-assembled structures
of asymmetric triblock copolymers. The models of R5C5R′5 co-
polymers with various R′ block lengths were built, and four typical
samples of L0 ¼ 3.0s, L0 ¼ 3.5s, L0 ¼ 4.0s, and L0 ¼ 4.5s were
considered. We also examined the self-assembled structures of the
R5CmR′5 copolymers with a fixed L0 (¼3.5s) as the length of coil
blocks m is variable. These systems were cooled slowly down from
a high temperature for a long enough time. By combining the ef-
fects of the temperature and the length of R′ blocks (m ¼ 5) or the
length of C blocks (L0 ¼ 3.5s), themorphology stability regions were
mapped out. Finally, the order parameters and tilt angles of two rod
blocks were characterized.

Fig. 6 shows the typical results of the LC structures formed at
various temperatures and various lengths of R′ blocks. The tem-
perature dependence of morphologies for L0 ¼ 3.5s is presented in
Fig. 6a. When the temperature is very high (T ¼ 5.5), the co-
polymers first exhibit an isotropic phase. By cooling the system, the
isotropic lamella structure is formed at T ¼ 4.25, in which the
packing ordering of both the two kinds of rod blocks are very low.
As the temperature decreases to 3.5, the rod blocks showmoderate
ordering, and a kind of hierarchical lamellar structure appears with
es formed by symmetric R5CmR′5 triblock copolymers as functions of the temperature.



Fig. 6. (a) Snapshots of LC structures formed by asymmetric R5C5R′5 triblock copolymers with L0 ¼ 3.5s at various temperatures: (a1) T ¼ 5.5, (a2) T ¼ 4.25, (a3) T ¼ 3.5, and (a4)
T ¼ 1.0. (b) Snapshots of LC structures for various rod block lengths at a low temperature of T ¼ 1.0: (b1) L0 ¼ 3.0s, (b2) L0 ¼ 4.0s, and (b3) L0 ¼ 4.5s. The hierarchical LC structures
have been marked. (c) Schematic representation of the hierarchical LC structures: (c1) HNL, (c2) T-HSCL, and (c3) IA-HSCL.
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two LC phases at different length scales due to different lengths of
two kinds of rod blocks. Moreover, the ordering degrees of the R
and R′ blocks are discrepant, where the longer R blocks possess
higher packing ordering than the shorter R′ blocks. We defined this
structure as hierarchical nematic lamella (HNL). With further
decreasing the temperature, the copolymers form the hierarchical
smectic C lamella (HSCL), in which both the R and R′ blocks exhibit
highly ordered arrangement. Fig. 6b shows the hierarchical smectic
C lamellar structures at T ¼ 1.0 for various lengths of R′ blocks. As
shown in the figure, the tilting directions of R and R′ blocks can be
changed by tuning the length of R′ blocks (L0). When L0 increases
from 3.0s to 4.0s, the traditional smectic C (T-HSCL) structure is
transformed into the arrowhead-like smectic C (IA-HSCL) structure
(Fig. 6b1-b2). In this structure, the tilting directions of the R and R′
blocks are different, although each kind of R blocks (or R′ blocks) is
inclined toward one direction. With increasing the L0 to 4.5s, the
interdigitated-arrowhead lamella was observed similar to the
structure formed by the symmetric copolymers (see Fig. 3a4), in
which both the R and R′ blocks tilt along two different directions.
These arrowhead-like structures are all in the scope of smectic C
structures. In addition, to distinguish different hierarchical LC
structures, the sketches for these typical structures are presented in
Fig. 6c, in which the structure details and chain distributions are
clearly shown.

The morphology stable regions of various LC structures in the
space of the temperature versus the length of R′ blocks or in the
space of the temperature versus the length of C blocks were pre-
sented in Fig. 7aeb. The regions of disordered phase (Dis), isotropic
lamella (IL), hierarchical nematic lamella (HNL), and hierarchical
smectic C lamella (HSCL) are shown, where the HSCL contains the
traditional smectic C lamella (T-HSCL) and interdigitated-
arrowhead lamella (IA-HSCL). The asymmetric triblock copolymer
with two kinds of rod blocks of different lengths was proved to be a
promising model for creating hierarchical LC structures. The phase
regions indicate a transition from Dis to IL, then to HNL, and finally
to HSCL as the temperature decreases. As shown in Fig. 7a, when the
length of rod blocks L0 increases (m ¼ 5), the regions of IL and HNL
become narrow. The boundary between HNL and HSCL shifts to-
wards higher temperature, whereas the ODT boundary and the
boundary between IL and HNL shift to lower temperature. The
copolymers tend to form the interdigitated-arrowhead smectic C
lamellae for longer R′ blocks but to form traditional smectic C
lamellae for shorter R′ blocks at low temperature. Fig. 7b shows the
morphology stable regions for asymmetric copolymers with
various lengths of coil blocks at L0 ¼ 3.5s. For the selected range of
coil block length (2e5), the interdigitated-arrowhead lamellae
cannot be obtained, which is controlled by the relative length ratio
of the rod and coil blocks. When the length of coil blocks is long, the
IA-HSCL structure is easy to form. At m ¼ 5, the T-HSCL structure is
formed, and therefore a decrease ofm goes against the formation of
the IA-HSCL structure. In addition, we can also view the relationship
between phase boundary and the length of coil blocks. As the
length of coil block increases, both the boundaries between HNL
and HSCL and between IL and HNLmove to higher temperature, but
the ODT boundary shifts to lower temperature.

In order to understand the structure diversity among these



Fig. 7. Stability regions of the structures formed by asymmetric R5CmR′5 triblock copolymers (a) in the space of R′ rod block length versus the temperature at m ¼ 5 and (b) in the
space of C block length versus the temperature at L0 ¼ 3.5s.
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hierarchical LC structures, the order parameters and tilt angles of
the R and R′ blocks in the LC structures formed by asymmetric
R5C5R′5 triblock copolymers were calculated at various lengths of R
′ blocks. The results are given in Fig. 8. As shown in Fig. 8aec, at
moderate temperatures, the order parameter of the R blocks is
higher than that of the R′ blocks. This difference becomes more
marked as the R′ blocks are short. That is because the R block is
longer than the R′ block. The large difference between the order-
ings of the R and R′ blocks leads to the structural hierarchy of the
nematic lamellae. Note that although the order parameters are
different for the R and R′ blocks, the critical points (Sz 0, 0.43, and
0.9) for the phase transitions are almost the same. On the other
hand, the tilt angles of R and R′ blocks are also different, as shown
in Fig. 7def. The longer R blocks possess larger tilt angles relative to
shorter R′ blocks. The divergence in the tilt angles of the R and R′
blocks becomes weak with increasing the architectural symmetry
of the copolymers (increase in L0). It was also found that the length
of rod block has a pronounced influence on the values of tilt angles,
in contrast to the length of coil blocks. The increase in L0 can elevate
the tilt angles of both the R and R′ blocks. It can be noted from
Fig. 8aec that the length of R′ blocks can affect the ODT
Fig. 8. (aec) Order parameters S of R and R′ blocks in the LC structures formed by asymmet
blocks: (a) L0 ¼ 3.5s, (b) L0 ¼ 4.0s, and (c) L0 ¼ 4.5s. (def) Tilt angles q of R and R′ blocks as fun
(f) L0 ¼ 4.5s.
temperature significantly. The ODT temperature decreases with
increasing the length of R′ blocks.

In this work, we discovered the hierarchical LC structures in the
self-assembly systems of rod-coil-rod triblock copolymers. In
recent experimental studies, the hierarchical LC structures have
been prepared by block copolymers comprised of two kinds of rigid
blocks. For example, Iatrou et al. studied the self-assembly of PBLG-
b-PLP where the PBLG and PLP are rod blocks with helical struc-
tures. It was found that these copolypeptides can form hierarchical
LC fibles. In fibers, the PBLG helices are preferentially oriented
along the fiber axis, whereas the PLP helices were found to be
unoriented [20]. Haataja et al. observed the double smectic struc-
tures with alternating PBLG and PLL(diC4P) smectic layers with
perpendicular alignment in the PBLG-b-PLL complexed by diC4P
[22]. In these structures, the different kinds of rod blocks exhibit
different LC states in the domains. We also observed various hier-
archical LC structures such as HNL where two kinds of rod blocks
show different LC states or different orientations in the same LC
states. The structural feature between the experiment and the
simulation are essentially identical. In particular, Iatrou et al. re-
ported zig-zag lamellar structures formed by the PBLG-b-PBLHyP
ric R5C5R′5 triblock copolymers as functions of the temperature at various lengths of R′
ctions of the temperature at various lengths of R′ blocks: (d) L0 ¼ 3.5s, (e) L0 ¼ 4.0s, and
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copolymers, where the PBLHyP tilt to match the PBLG periodicity
[21]. The formation of zig-zag lamellar structures is due to the
mismatch in the packing periodicities of the PBLG and PBLHyP
helices. These structures are similar to the IA-HSCL where the two
kinds of rod blocks are respectively inclined to form interdigitated-
arrowhead structures (see Fig. 6c3). We also found that the for-
mation of the IA-HSCL is due to the mismatch of the lengths of two
kinds of rod blocks.

The architectural asymmetry of rod-coil-rod triblock co-
polymers was found not only to determine the morphologies of
formed LC structures, but also to influence the order-disorder
transition and order-order transition. The hierarchical nematic
and smectic structures are interesting findings of this work. In the
nematic structures, two kinds of rod blocks possess different
packing orderings. In the smectic structures, although the orderings
of two kinds of rod blocks are essentially the same, they show
different tilting directions and tilt angles. This leads to the forma-
tion of interdigitated-arrowhead lamellae. The results can deepen
our understanding of the formation of hierarchical LC structures.
The hierarchical LC structures could have both the orientational
ordering properties of the LC systems and rubber elasticity of
polymer domains, similar to the internal structure of LC elastomers
[60,61]. Since the LC phases can response to the change of tem-
perature due to the disorder-order transition or order-order tran-
sition, the LC phases at two length scales in the hierarchical LC
structures may lead to dual hierarchical responses. The dual-
stimuli-response materials with such hierarchical LC structures
could be used as human-made muscle-like materials [62], which
could exhibit advantages over traditional LC elastomers. In addi-
tion, they can find their potential applications in fields of opto-
electronic devices, high-modulus fibers, and biosystems.

4. Conclusions

We applied Brownian dynamics simulations to investigate the
self-assembly behavior of rod-coil-rod triblock copolymers. The
morphologies of LC structures were found to be dependent of the
temperature, the symmetry of copolymer architecture, and the
length of blocks. For the symmetric block copolymers, with
decreasing the temperature, the morphology is transformed from
isotropic lamella to nematic lamella, and then to smectic C lamella.
The morphology regions of various LC structures in space of the
temperature versus the length of blocks were obtained. In these LC
structures, the order parameter and tilt angle of the R and R′ blocks
are nearly the same. For the asymmetric block copolymers, the R
and R′ blocks of different lengths were found to exhibit different
ordering degrees and tilt angles in the structures. The asymmetric
design of copolymer architectures leads to the formation of various
hierarchical LC structures, including hierarchical nematic lamella
and hierarchical smectic C lamella. The lengths of blocks and the
temperature show a pronounced influence on the morphologies of
the hierarchical LC structures and the orientation of the rod blocks.
The present work provides a promising route toward constructing
hierarchical liquid crystalline structures.
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