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The liquid crystalline assembly of rod-coil diblock copolymers blended with coil or rod
homopolymers is investigated using the dissipative particle dynamics simulation, considering
systematically the effect of the interactions between rods and coils, the volume fraction and
length of the added coil or rod homopolymers. The addition of coil or rod homopolymers
induces disorder-order or order-liquid crystalline transition. In rod-coil/coil blends, the
solubilization of homopolymers will saturate at a certain amount of homopolymers and then the
excess homopolymers will be segregated into the central regions of coil block domains, forming
"wet-dry mixture" lamellae. The solubility capacity decreases with homopolymer length
increasing, determined by the competition between mixing entropy and elastic entropy. In
rod-coil/rod blends, due to the orientational interactions between rods, the length matched rod

homopolymers directly interdigitate with rod blocks with less entropy loss, thus prompting the

formation of bilayer liquid crystalline phase. The rods domain spacing D remains unchanged

and conversely the coils domain spacing D_becomes thin, to occupy more interfacial area.

With the addition of shorter rod homopolymers, the overall lamellar spacing D of blends
monotonically increases with the volume fraction of homopolymers, similar to the case of
rod-coil/coil blends. Generally, rod homopolymers have a more significant impact on the liquid
crystalline assembly of the blends, compared with the coil homopolymers. Our results indicate
that blending with coil or rod homopolymers into rod-coil system is an effective method to

induce liquid crystal phase transition and control the phase spacing of ordered structure.
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1. Introduction

Recently, more attention has been given to rod-coil block copolymers which consist of rigid
rod blocks and flexible coil blocks, because it represents a unique polymeric system with various
morphologies and practical applications, such as organic optoelectronic, electrochemical and
biotechnology.l In contrast to traditional coil-coil block copolymers, the phase behavior of
rod-coil block copolymers is obviously complex due to both the conformational asymmetry
between rod and coil blocks, and the orientational interaction between anisotropic rods, as well as
the volume fraction of the coil blocks and the Flory-Huggins interaction. Previous studies have
reported complex phases including isotropic, nematic, smectic (A and C) liquid crystalline, zigzag,
wavy, and perforated lamellae as well as the conventional lamellae, cylindrical, and spherical
phases.z’5

Furthermore, adding homopolymers into block copolymer systems has been an effective
method for controlling phase domain size, tailoring morphology, and optimizing performance
without additional synthesis.”® The morphology of blends become more complicated than the pure
block polymers, but it is expected to be rich, since there is an interplay between "microphase
separation”, i.e., between coil and rod blocks, and "macrophase separation", i.e., between
copolymers and homopolymers. As in traditional coil-coil diblock copolymer systems (i.e., A-b-B),
rich morphologies of A-b-B diblock copolymers can be induced by mixing with a certain amount
of homopolymers (such as A component). The phase behaviors of the blending system depend not
only on the volume fraction and specie of added homopolymers, but also on the ratio of the
molecular weight of added homopolymer to that of corresponding block in diblock copolymers,
which can be expressed by the parameter & , indicating the permeating degree of added
homopolymers into diblock copolymer matrix. Referring to the studies by Tanaka’ and analysis by

- 10
Lai,

when @ <1, the short A homopolymers are solubilized thoroughly and distributed
uniformly into A microdomain to swell the distance between the junction points at the domain
interface, which is known as “wet-brush”; when o =1, i.e., the size of added homopolymers is
matched to one of the blocks, which is the simplest and most studied case. A homopolymers are

also solubilized into A microdomains and just centrally located in the middle regions of A domains,

which is named as "dry-brush"; finally, when & >1, “macrophase separation” between A
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homopolymer phase and A-b-B diblock microdomain phase may occurs.

It is conceivable that the phase behavior of rod-coil block copolymers is also rich and
complicated, by mixing with the homopolymers (coils or rods), due to the interplay between
"microphase separation" and "macrophase separation”, as well as the orientational interaction
between anisotropic rods, and the conformational asymmetry between rods and coils. Recently,
only a few studies begin to pay attentions to this blending system, which consists of rod-coil block

copolymers and coil or rod homopolymers.'®"®

For instance, Lai et al. experimentally studied the
phase behaviors of strongly segregated PPV-b-PMMA diblock copolymers blended with PMMA
homopolymers (coils). Over the major composition range, the blends underwent macrophase
separation irrespective of the ratio of molecular weight of homopolymer relative to that of
corresponding block. A well-ordered lamellar morphology and a sponge structure appeared in
microphase separation.10 Sary et al. investigated the blends of PPV-b-PS diblock copolymers and
PPV homopolymers(rods), which had the same molecular weight with the rod block of PPV-b-PS
diblocks. With adding PPV homopolymers, the morphology of weakly segregated rod-coil diblock
copolymers was transited from an isotropic homogeneous phase to a smectic-C bilayer lamellar
clusters.'” Tao et al. also found that the domain size of lamellar PPV-b-PI could be controlled by
blending with PI or PPV homopolymers, whose molecular weight was the same as the
corresponding blocks in PPV-b-PI copolymers. They observed that the domain size was increased
by the solubilization of PI homopolymers within coil block microdomain; while it was decreased
by the interdigitation of PPV homopolymers within rod block domains."® Song et al. used a hybrid
self-consistent field theory (SCFT) to construct the phase diagrams of the blends as a function of
the homopolymer volume fraction and phase segregation strength. They found that both coil and
rod homopolymers could enhance the stability of ordered phases.14

Nevertheless, most experiment and theory studies on rod-coil block copolymers and
homopolymers blends, especially for rod homopolymers, are limited to the case that the molecular
weight of homopolymer is matched with that of corresponding block in block copolymers. In this
paper, we firstly utilize dissipative particle dynamics (DPD) simulation to investigate the
self-assembly behavior of rod-coil/coil and rod-coil/rod blends under weakly and strongly
segregated conditions, respectively. We detect the phase transition and domain spacing of the

blends varied by the repulsive interaction between rod and coil component, the coil or rod

4
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homopolymer length and volume fraction, and meanwhile reveal the physical mechanisms of the

disorder-order and order-liquid crystalline transitions.

2. Model and simulation method

The DPD method was introduced by Hoogerbrugge17 in 1992, is a simulation technique which
can treat a wider range of length and time scales compared to atomistic simulations like classical
molecular dynamics (MD). Within DPD, a particle represents the center of mass in a cluster of

atoms, and the position and momentum of the particles are updated by Newton's equation of

motion. Particles i and J at positions f’;andfj interact with each other via three forces:

conservative( F ¢ ), dissipative( F’ D) and random forces( F® ). The sum acts

( fij = F;.jc + FZ./.D + ﬁ;f) over all beads within a cutoff radius 7, beyond which the forces are

neglected. Typically, the conservative force F € for non-bonded beads becomes zero outside the

cutoff radius 7, .

Fijc = a;o(r,)7; M
F;’jD = _7602 (rij )(f;] : Hij )fl] ()
ﬁ;‘jR = O-a)(nj)ezjf;j 3)
mw=;ﬂwn ?if 4)
i =T
Wherefij =7 — ;,nj =‘:j‘, I;l.j = :.j /l”l.j ,and\_/’g =V, —Vj. The coefficients a;;, y and &

define the strength of conservative, dissipative, and random forces, respectively. The relation

between the coefficients ) and O as follows:
o’ =2pk,T ©)
where k pis Boltzmann's constant. Additionally, 01‘]‘ in Eq.(3) is a randomly fluctuating variable

with Gaussian statistics: (6, (1)) =0 and (0,(1)8,(¢)) = (5,8, +5,8,)8(t —1') . In

order to match the compressibility of water requiring,'*"’
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a.p=T15k,T ©6)
%iis the repulsion parameter between particles of the same type. Similar to the classic DPD
studies on rod-coil system by AlSunaidi, et. al.,” in our study the particle density L s kept to 4, so

the conservative strengths a; between DPD beads (represented by r and c) are given by
a,. =da,. =20 and the variable @,  For coil blocks, we have to consider the spring force

ﬁ;s =Cr;(C=4), where Cis the spring constant. For rod blocks, it can be constructed by a

number of DPD beads arranged in a straight line, with a fixed small distance D,_, between

20-22

consecutive beads. Here we set D,_, as 0.3. For simplicity, Lc and Lr are used to represent

the length of coil and rod homopolymers, respectively. In DPD simulation, all the physical
variables are scaled by the particle mass m , cutoff distance 7, , and thermal energy k,T . For

example, the time, length and interaction parameter of system are nondimensionalized by

t 7
ft=————— , r=—, and
T

- mrl | k,T ’

dimensional variable. All the parameters listed in this work are dimensionless quantities and their

where the superscript ‘“’denotes the

Y%
% (k,T /1)

physical values can be straightforwardly obtained.

It is worth mentioning that our simulation is performed in a constant NVT ensemble rather than
NPT ensemble”, because the simulation with NVT ensemble is more computationally efficient
and easy to control. To confirm that the NVT ensemble is not a factor to cause the artificial phases,
some critical points in the phase diagram are also simulated with the NPT ensemble using
Berendsen barostat method”, which shows no obvious difference between that obtained from
NVT ensemble and NPT ensemble. Simulations are performed in a cubic box under periodic
boundary conditions in three different directions. To void the finite size effects, we have
investigated three simulated systems with different sizes of [5x15x15, 20x20x20, and
25%x25%25 DPD units, by quantitatively comparing the ordered parameters of system, such as

lamellar period, which shows the same results. In the following, we focus on the box of

25%x25%25 , containing about 62500 DPD particle (represented by N ) with the melts
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density p=4. The volume fraction of the added coil homopolymers and rod homopolymers are

expressed as ¢C =—F—and ¢r =—"—, where Nc and Nr represent the particle

+N N+ N

(4 r
number of added homopolymers. The blending system starts from a random initial distribution and
mix. The time integration of motion equations is calculated through a modified velocity—Verlet

algorith'® with time step A¢=0.04 and A=0.5. The typical simulation requires at least
1.0x10%step and the first 0.8x10° step is used for ensuring equilibrium(corresponding to

about 1us for typical physical values of the parameters). Actually, the system has been basically

stable after 0.4 x10° step. In addition, we also checked the thermodynamic consistency of

simulated structures by monitoring the local temperature and pressure,”* to ensure the acquirement

of every equilibrium structure.

3. Results and discussion

A. Rod-coil block copolymer melts

It is known that the presence of the rod component breaks the symmetry of bulk phase
diagram of block copolymer, which exists in coil-coil diblock copolymer. As the studies by Li, et
al.” and An, et al.*® on rod-coil diblock copolymer melts using the self-consistent-field (SCF)

lattice model, lamellae occupies dominantly the phase diagram with high rod composition (i.e.,

/. 20.5). However, the conventional lamellae and liquid-crystalline (LC) lamellae phase were

not distinguished in their phase diagram. In this paper, we focus on the liquid crystalline assembly
of rod-coil diblock copolymers blended with corresponding coil or rod homopolymers. Typically,
we select the linear RgCg diblcok copolymer for study, where lamellae phase can be maintained
even blended with a large amount of corresponding homopolymers. Here, the ordered lamellae
structure distinguished from disordered phase is identified easily by component density
distribution. For example, as the peak value of rods corresponds to the valley value of coils, as a
result, it is a well ordered lamellae, including the liquid crystalline lamellae. To further distinguish
between lamellar phase and liquid crystalline lamellae, we also need to monitor the rod orientation

behaviors in detail.
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Firstly, we simply construct the phase diagram of RgC¢melts as the function of the repulsive
interactions between blocks rod and coil a@,.. Varying the interaction @,. from 20 to 80, the
simulated equilibrium morphologies are shown in Fig.1. The critical point for RgCs morphology
occurs at around a,, =23, which is close to the disorder-order transition. With increasing a,,
beyond the critical point, the disordered homogeneous phase is transited into lamellae phase (e.g.,

a,.=25), and further the lamellae with partially bilayer crystalline characteristic within rod
block domains (e.g., @, =50and 75) is observed. In the following, we consider the two blends
of rod-coil/coil and rod-coil/rod with different phase segregation strengths @, . For simplicity, we

define both weakly segregated( @,.= 23) and strongly segregated( a,,.= 50) systems, respectively.

B. Weakly Segregated system with a, =23

Rod-coil/coil Blends:

In accordance with the polymer brush theories®” **

applied to the traditional coil-coil/coil blends,
the shorter coil homopolymers are uniformly solubilized into the coil block domains formed
"wet-brush". While the coil homopolymer length is the same or longer than that of the coil block,

homopolymers are also solubilized and tend to be segregated in the central regions of the coil

block domains formed "dry-brush". Fig.2a shows the phase diagram of rod-coil/coil blends

ford,,.=23 plotted as a function of ¢c and L_. It is clear that the diagram includes three phase

regions, i.e., disorder, lamellae(wet), and lamellae(wet-dry). As is known, the solubilization of coil
homopolymers in blocks can effectively relax the stretching conformational entropy of coils,
which promotes the disorder-lamellar transition. Distinguished from the case of coil-coil/coil
blends, the solubilization will saturate at a certain amount of coil homopolymers mixed into
rod-coil system, which was also observed by the experimental study of Lai et al.'’ and Zin et al."
Due to the presence of solubility limit, the excess coil homopolymers will tend to be expelled and
distributed in the central coil block domain, together leading to the formation of "wet-dry" mixture

type. From the figure, we also can see that the phase boundaries of disorder-lamellae transition

shift to a lower @ as L_increases. It indicates that the solubility capacity decreases with
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increasing L. (i.e., molecular weight of homopolymer), which depends on the competition
between mixing entropy and elastic entropy.11 Fig.2b displays representative simulated

morphologies of the blends for LC = 6. We monitor the mixing behavior of coil homopolymers in

26,27

copolymer matrix through the density distribution profile of each component™’. For example, as

¢C =0.09, coil homopolymers are uniformly distributed in the overall coil block domains, where

the observed lamellae structure is "wet" type. As ¢, increases to 0.15, the excess of coil

c
homopolymers are mainly segregated in the center of the coil block domains formed "wet-dry"
mixture within lamellae, where coil homopolymers distribution has a peak value in coil block

domains, significantly different from wet layers.

Rod-coil/rod Blends:

Fig.3a presents the phase diagram of rod-coil/rod blends fora, =23, plotted as ¢, vs L_,

which includes disorder, lamellae, and liquid crystalline structure. In this case of rod-coil/rod
system, the mixing of rod homopolymers can increase the effective interaction between the rod
blocks and induce ordering within the blocks.”” With the addition of rod homopolymers, the

morphology of blends is easily transited from the disordered phase to lamellae. Similarly, the

critical point of ¢, decreases with the increase of L, . Furthermore, when L _is close to the

length of rod block, i.e. L, = &, liquid crystalline lamellae with a bilayer structure appears. In fact,

the addition of rod homopolymers increases equivalently the rod composition in the blends
system.'> As it reaches to a high composition of rod component (e.g., /. 20.7), liquid crystalline

phase will occupy dominantly the phase region, consistent with the studies on rod-coil system.”
Substantively, the orientational interactions between anisotropic rods can lead to an aggregation
between rod blocks and rod homopolymers. The rod blocks tend to be aligned along a common
direction, and meanwhile rod homopolymers interdigitate with rod blocks to make coil blocks
rearrange, to occupy more laterally interfacial area. To decrease the interfacial energy, a bilayer
liquid crystalline phase is formed. Similarly, we draw the phase transition boundary by further

monitoring the orientation behaviors between anisotropic rods. Fig.3b displays the typical
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simulated morphologies of rod-coil/rod blends for L, = 8. As ¢, = 0.01, the morphology is still
disorder. Lamellae structure occurs when @, equals to 0.05. With increasing ¢,, the liquid
crystalline phase gradually appears, e.g., ¢r: 0.15, and finally a well bilayer smectic-A liquid

crystalline lamellae is observed with ¢, =0.21.

To observe the effect of rod homopolymers on the phase transition and interdomain distance of

rod-coil/rod blends, Fig.3c shows the lamellar spacing D (marked in Fig.3b) in lamellae-liquid
crystalline transition with ¢, forboth L. =2and L =8 cases. As can be seen that when L, is
the same to that of rod blocks, D firstly increases, while it levels off at ¢.~0.19. The results
reveals that the rod homopolymers interdigitate with rod blocks to form a bilayer liquid crystalline
phase and thus stabilize the lamellar spacing DD . Whereas the shorter rod homopolymers (L, = 2)

are incorporated into rod block regions and do not align well, there is lamellae structure observed

without liquid crystalline phase. Thus the lamellar spacing [ is monotonously swollen with the

increase of @, .

C. Strongly Segregated system with «a, =50

Rod-coil/coil Blends:

We also investigate the strongly segregated case of rod-coil/coil blends. As shown in Fig.1, a

well lamellae structure is observed for RgCsmelts ata, = 50. Fig.4a displays the lamellae-liquid
crystalline transition diagram by ¢C vs L., which indicates that the addition of coil
homopolymers not only stabilizes ordered morphology, but also induces the formation of liquid
crystalline structure. Moreover, liquid crystalline phase requires a lower ¢C as L. isincreased.

In detail, Fig.4b exhibits the simulated morphologies of rod-coil/coil blends for L_=6. Obviously,

with the addition of coil homopolymers, lamellae structure is transformed into bilayer smectic-A

liquid crystalline phase. Based on the above discussion on wet/dry behavior of coil homopolymers
in rod-coil/coil blends, as the increase of ¢C, the excess coil homopolymers tend to aggregate into

the central domains of coil blocks. Then coil homopolymers have to stretch along the direction

10
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normal to the interface, resulting in the decrease of the interfacial area of coil blocks domain. As a
result, the orientational interactions between rod components drive them to interdigitate with each
other to enlarge the interfacial area for coil-stretching entropy, consequently giving rise to the
liquid crystalline phase. In contrast to the SCF results of monolayer liquid crystalline obtained by
Song et al.,'"* here the bilayer phase mainly results from the self-assembling characteristic of
selected rod-coil melts, as shown in Fig.1.

To better understand the liquid crystalline assembly of rod-coil copolymers blended with
corresponding homopolymers, we detect the variation of interdomain distance (i.e., lamellar

period) with the addition of homopolymers. Fig.4c displays the lamellar spacing [ as a function

of ¢c for Lc: 2, 6, and 10, respectively. As a whole, the overall lamellar distance D

increases with ¢, . It can be seen that for the same ¢,, D increases slightly with the increase of

L

.» indicating the solubilization behavior of coil homopolymers depends on L,, which is

analogous to the case of coil-coil/coil blends.”>! The inset of Fig.4c also provides the domain

spacing of the blends including coils spacing (Dc ), rods spacing (Dr) and the overall lamellae
period (D = D_ + D, ) (marked in Fig.4b) for L = 6. With the addition of coil homopolymers,
rod domain spacing D, increases slightly at first, and then it keeps unchanged, due to the

formation of liquid crystalline phase resulted from the intrinsic rigidity and orientational

interactions between rods. On the contrary, the coils domain [, are monotonically swollen with

g..
Rod-coil/rod Blends:

Here we pay attention to rod-coil/rod blends under the strongly segregated condition (a@,.=
50). As shown in Fig.5a, liquid crystalline phase also appears upon the addition of rod

homopolymers with L, = 5~8. Similar to the case of weakly segregated system, the shorter rod
homopolymers ( L, <4) also tend to aggregate without alignment in rod block domains. However,

the difference is liquid crystalline phase already appears at L, = 5 for the case of strong

11
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interaction, which indicates that the interactiona, also plays an important role on the liquid

crystalline assembly of blends. Fig.5b illustrates the example of L, = 8 in detail. With

incorporation of rod homopolymers, rod block domains tend to expand along the direction normal
to the interface, causing a contraction of the conformation of coil chains in the direction normal to
the interface.”’ As a result, to balance the competition between coil stretching entropy and
interfacial energy, the rods tend to interdigitate with each other including rod homopolymers, to

form a bilayer liquid crystalline phase.

The lamellar spacing of rod-coil/rod blends for L, =2 and 8 cases are shown in Fig.5c, where

the domain spacing (D, D, , D, ) for L =8 are presented in the insert. Similar to the results of

weakly segregated case shown in Fig.3c, the lamellar spacing D for shorter rod

homopolymers( L, = 2) is increased with the solubility of rod homopolymers, while for L, = 8, it

increases firstly and then levels off. Finally, upon adding excess rod homopolymers, liquid
crystalline phase is formed. Interestingly, it is known that the added rod homopolymers expand the
rod-coil laterally interfacial width, and then it requires the coils to rearrange along the increased

laterally interfacial area, resulting in a contraction of the thickness of coil blocks along the

direction of interface."” Therefore, the coils spacing DD, decreases slightly as the addition of rod

homopolymers, shown in the insert of Fig.5c. The similar results are also observed in the
experiment on rod-coil-rod triblock copolymers/rod homopolymers by Gao et al.”®
Finally, to further compare the effects of coil or rod homopolymers on the liquid crystalline

assembly of rod-coil system, we calculate the rod orientation distribution p(cos &) as a function

of ¢.. (e, @ or @), where @ is the included angle between two neighboring rods.

When p(cos 8) s close to 1.0, i.e. @ approaching to 0, indicating a perfect alignment between rods;

for p(cosB)is close to 0, rods have a completely disordered arrangement. Corresponding to the

two insets of Fig.4c and Fig.5c, we consider the both length matched cases of RgCs/Cs and RgCy/
Rg blends. As clearly shown in Fig.6, p(cos@)for rod homopolymers increases faster and liquid

crystalline phase with p(cos@)~1.0appears earlier than that of coil homopolymers case. It

suggests that adding rod homopolymers can orient the alignment of rods and induce the liquid

12
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crystalline phase better. Substantively, the addition of rod homopolymers equivalently increases
the rod composition. Furthermore, due to the orientational interactions between rods, the length
matched rod homopolymers directly interdigitate with rod blocks with less entropy loss, thus
prompting the formation of liquid crystalline phase. However, coil homopolymers are solubilized
into coil block domains first, and then indirectly affects the orientational behaviors of rod blocks

through interacting with coil blocks, i.e., entropy and enthalpy effects.

4. Conclusions

The liquid crystalline assembly of rod-coil diblock copolymers blended with coil or rod
homopolymers is investigated using the dissipative particle dynamics simulation(DPD). We
consider both weakly and strongly segregated cases for rod-coil/coil and rod-coil/rod blends, and
examine the phase behavior of blends influenced by the volume fraction and length of coil or rod
homopolymers. In general, the addition of coil or rod homopolymers can induce disorder-order or
order-liquid crystalline transition. Compared to coil homopolymers, the addition of rod
homopolymers can effectively improve the orientation of rods and induce the formation of liquid
crystalline phase better.

For rod-coil/coil blends, the shorter coil homopolymers are uniformly solubilized into coil
blcok domains formed "wet" lamellae. Interestingly, there is a solubilization limit as
homopolymer length reaches a certain value, i.e., the solubilization of coil homopolymers will
saturate with the addition of coil homopolymers, and then the excess homopolymers will be
segregated into the central regions of coil block domains, together forming "wet-dry mixture"
lamellae. Moreover, the solubility capacity decreases with increasing coil homopolymer length(i.e.,
molecular weight), which depends on the competition between mixing entropy and elastic entropy.
For the strongly segregated case, upon the addition the coil homopolymers, bilayer liquid
crystalline phase is observed, in which the overall lamellar spacing [ is determined by the

solubilization of coil homopolymers in corresponding block domains. The stability of rods domain

spacing D, indicates the formation of bilayer liquid crystalline phase.

For rod-coil/rod blends, with adding rod homopolymers, the disordered system is transited into
lamellae and even bilayer liquid crystalline lamellae. This results can be attributed to the

minimization of the free energy based on three energetic contributions: the energy gain due to the

13
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rod-rod interactions, the interfacial energy between rods and coils, and the stretching energy of the
coil blocks. Here, rod homopolymers can increase the energy gain arising from rods interactions,
meanwhile decrease the rod-coil interfacial energy and the stretching energy of the coils. For
shorter rod homopolymers, the lamellar spacing D monotonically increases with the

incorporation of homopolymers, similar to the case of rod-coil/coil blends. For the length matched
rod homopolymers, the rods domain spacing D), increases slightly at first, and then keeps

unchanged; Interestingly, rod homopolymers interdigitate with rod blocks expanding the rod-coil

laterally interfacial width, and coil blocks are rearranged to occupy more interfacial area, resulting

in a contraction of coil block domain spacing Dc along the direction of interface.
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Fig.1 Representative simulated morphologies of RgCy diblock copolymer melts with the increase

of interactions a,, .
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0.02, 0.09, and 0.15 , respectively.
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