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Using the self-consistent field approach, the effect of asymmetry of the coil block on the microphase separation
is focused in ABC coil-rod-coil triblock copolymers. For different fractions of the rod block fg, some stable struc-
tures are observed, i.e., lamellae, cylinders, gyroid, and core-shell hexagonal lattice, and the phase diagrams are
constructed. The calculated results show that the effect of the coil block fraction fa is dependent on fg. When
fa = 0.2, the effect of asymmetry of the coil block is similar to that of the ABC flexible triblock copolymers;
When fg = 0.4, the self-assembly of ABC coil-rod-coil triblock copolymers behaves like rod-coil diblock copoly-
mers under some condition. When fg continues to increase, the effect of asymmetry of the coil block reduces.
For fg = 0.4, under the symmetrical and rather asymmetrical conditions, an increase in the interaction param-
eter between different components leads to different transitions between cylinders and lamellae. The results
indicate some remarkable effect of the chain architecture on self-assembly, and can provide the guidance for
the design and synthesis of copolymer materials.
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1. Introduction

Block copolymers are macromolecules composed of chemically distinct subchains or blocks. The
distinct blocks tend to phase separate, whereas the covalent bonds between distinct blocks prevent a
macroscopic separation. The competition of these two opposing trends leads to the formation of various
ordered phases [1]. From a fundamental point of view, the ordering in block copolymers provides an
ideal paradigm for the study of self-organization in soft condensed matter [2]. From a technological
point of view, the rich and fascinating ordered structures from block copolymers have found applications
ranging from thermoplastic elastomers and high-impact plastics to pressure-sensitive adhesives, and so on.
Compared with coil-coil block copolymers, rod-coil block copolymers have received much attention due
to their abilities to self-assemble smaller scale structures in the field of novel functional and biomimetic
materials [3| [4]. Especially, the rod-coil block copolymers containing conjugated rod building blocks
offer opportunities for engineering electronic and optical devices [SH7].

In contrast to coil-coil block copolymers, rod-coil diblock copolymers have rich phase behaviors. Rod-
coil block copolymers, as the simplest rod-coil block copolymers, self-assembled into ordered structures,
e.g., zigzag lamellae [8]], stripes [9], honeycombs [[10], and hollow spherical and cylindrical micelles [[11].
Compared with AB diblock copolymers, ABC triblock copolymers have more independent parameters
controlling their phase behavior. The phase behavior of the two-component rod-coil block copolymers
is controlled mainly by three parameters: the volume fraction of the rod block fa, the Flory-Huggins
interaction between different blocks yap, and the total degree of polymerization of the copolymer N.

*xghan0@163.com

This work is licensed under a|Creative Commons Attribution 4.0 International License. Further distribution 43601-1
of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOL


https://doi.org/10.5488/CMP.20.43601
http://www.icmp.lviv.ua/journal
http://creativecommons.org/licenses/by/4.0/

X.-G. Han, H.-H. Meng, Y.-H. Ma, S.-L. Ouyang

For ABC triblock copolymers, the number of parameters increases to six, including three interaction
parameters yaB, ¥Bc, and yac; two independent volume fractions fa and fg and the total degree of
polymerization of the copolymer N. This increased number of molecular variables will impose varieties
and complexities on the self-assembly of the rod-coil block copolymers, meanwhile, leading to a great
model system for engineering of a large number of intriguing nanostructures.

Some studies have centered on the microphase separation of rodlike-coil three-component block
copolymers. Experimentally, Lee and coworkers [12, [13] studied ABC coil-rod-coil triblock molecules,
focusing the fraction of coil block on the order-order transition [[12]. Zhou et al. [[14] reported an ABC
coil-coil-rod triblock containing liquid crystal polymer as the rod block, and found the formation of a
liquid crystalline phase when the rod block achieved a certain length. Chang et al. [15] found that the
rod-rod interaction lead to an order-disorder transition, and the lamellae appeared for fiog = 0.2 in ABC
rod-coil-coil triblock copolymers. Theoretically, Xia et al. studied the self-assembly of ABC rod-coil-coil
and coil-rod-coil triblock copolymers [16], constructing the phase fioq Vs. Yn phase diagram. Recently,
Li et al. concentrated on the order-to-order phase transitions in coil-worm-coil triblock copolymers,
suggesting that the tuning of the flexibility parameter provides a promising approach to design the resulting
microphase-separated structures in semiflexible copolymer melts [[17]. Although some literatures reported
the effect of the fraction of end block on self-assembly, a systematic theoretical study on the molecularly
asymmetry of the copolymers containing rigid blocks does not exist so far.

Due to the flexibility of adjusting system parameters, theory and simulation provide an ideal approach
to explore the phase behavior of block copolymers. Mayes and Olvera de la Cruz [18], as well as Do-
brynin and Erukhimovich [19] investigated flexible ABA triblock copolymers in the weak-segregation
limit, providing evidence that molecular asymmetry can have a profound effect on both order-disorder
and order-order transitions. Later on, Matsen used the self-consistent field theory [20] (SCFT) to show
that such molecular asymmetry can alter microdomain dimensions and order-order transitions. Recently,
Woloszczuk et al. employed on-lattice Monte Carlo simulations to examine the phase behavior of molec-
ularly flexible asymmetric ABA copolymers in the limit of superstrong segregation, wherein interstitial
micelles composed of the minority A endblock were observed to arrange into two-dimensional hexagonal
arrays along the midplane of B-rich lamellae. These studies have demonstrated that molecular asymmetry
is an important factor for self-assembly of block copolymers. In this work, we will systematically study
the effect of the asymmetry of the coil block on self-assembly in the rod-coil block copolymers.

SCFT can be used to study rod-coil block copolymer systems. Pryamitsyn and Ganesan introduced
Maier-Saupe theory [18l 19, 21} 22] to really account for the aligning interactions between rods, and
the anisotropy interaction between rods presented considerable computational challenges. Some other
theoretical models did not consider anisotropic interactions between the rods. For instance, Chen et al.
[23]], as well as Li and Gersappe [24] performed lattice-based SCFT simulations provided with computa-
tional advantage. The work of Chen et al. was the first time that SCFT predicted the hexagonal cylinder
phase for rod-coil block copolymers. Subsequently Chen et al. used the SCFT lattice model to study
the self-assembly of two-component rod-coil block copolymers [25H28]] and studied firstly in theory
three-component ones [[16]. In this work, using SCFT lattice model, we concentrate on the effect of the
volume fraction of the coil block on structure transition in the ABC coil-rod-coil triblock copolymers,
providing for different rod block fractions. The paper is organized as follows: In section[2} we present the
lattice model SCFT of coil-rod-coil triblock copolymers. The approach employs a two-stage relaxation
procedure to evolve a system as rapidly as possible to a free-energy minimum similar to the literature
[23].. In section 3] the calculated results are presented. These results are compared with those of previous
works, especially with flexible ABC triblock copolymers. A brief conclusion will be given in section 4}

2. Theory

We consider # linear ABC coil-rod-coil triblock copolymers in a lattice, where the degree of polymer-
ization of each chain is N. The A, B and C segments have the same size and each segment occupies one
lattice site. Thus, the total number of the lattice sites Ny, equals n(fa + fg + fc)N. The system partition
function can be expressed as
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Z = Z Li ﬁ lﬁ[/laj,s—a}ys_l exp (_L) (2 1)
r(j,s),a(j,s) Np s TisTlos-1 kgT

Here, r; s and a; ¢ denote the position and bond orientation of the s-th segment of the j-th copolymer,
respectively. r’ denotes the nearest neighboring site of r. @; can choose all of the possible bond
orientations, which depends on the selected lattice model. z denotes lattice coordination number. The
transfer matrix lambda depends only on the chain model used. This paper adopts an inflexion chain
model. For a coil subchain,

L _ { > s = = oy 2.2)

Tjos T 1/(z—1), otherwise.

For a rigid subchain,

’ — ’
ﬂa/j,s—(l_,»’s,l _ { 1, Aj s = Clj’s_] s

Tis=T o 0, otherwise.

2.3)

Following the scheme of Scheutjens and Leemakers [29], the end-segment distribution function G% (r, s|1)
presents a statistical weight of all possible configurations staring from segment 1, which can be located
in any position within the lattice, ending at segment s at site r, and satisfies the following recurrence
relation:

G (r,5]1) = G(r, S)Z Z N, 'G"* (s = 1]1). (2.4)

sl s]

For all the values of «, the initial condition is G*'(r, 1|1) = G(r, 1), G(r, s) is the weight factor of
the free segment. It is expressed as G(r, s) = exp[-wg(rs)], s € B (B = A, B, C). Another end-segment
distribution function G%: (r, s|N) satisfies the following recurrence relation:

G (r, s|N) = G(r, S)Z Z f’”' “* BG(, s + 1IN). 2.5)

as+]

With the initial condition G~ (r, N|N) = G(r, N) for all the values of ay .
The free energy functional of F' (in the unit of kg7 ) in canonical ensemble is defined by

F = 2 3 Lvanda()on(r') + xacoa(Ide(r') + xacdn(r)oc(r')] - Z[wA(r)aﬁA(r)
Z

rr’

+ wp(N)gB(r) + we(pe(r)] = Y. E1 = Ga(r) = du(r) = ¢e(r)] ~nlnQ, 2.6)
where
NL - ZN: ; G (r,N|1). 2.7)

Here, yaB, xac, xsc are the Flory-Huggins interaction parameters between different species. The ¢ (r) is
the volume fraction field of block specie k, which is independent of the individual polymer configuration,
and wi(r) is the chemical potential field conjugated to ¢ (). The £(r) is the potential field that ensures
the incompressibility of the system, also known as a Lagrange multiplier.

Minimizing the free energy functional F with respect to ¢a, ¢B, dc, wa, wp, wc and &(r) lead to the
following SCFT equations:

1 1
WA) = — 3 XasdB(r) + — D achelr') + £, 2.8)

1 1
wp(r) = — ) xmcdc(r') +— D xapdalr’) + £(), 2.9)
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wclr) = - D rcon) : 3 rmedn) + €60 (2.10)
PA() + I5(r) + de(r) = 1, @.11)
gc(r) = N%%% ; Z G S|G1()rG:) LI (2.14)

In our calculations, the real-space method is implemented to solve the SCFT equations in a cubic
lattice with periodic boundary conditions [[16}23]. The calculations begin from the initial potential fields
generated by random functions, and stop when the free energy of the system changes within a tolerance
of 1078, By comparing the system free energies from different initial potential fields, we obtained stable
phases in the system of ABC coil-rod-coil triblock copolymers.

3. Result and discussion

In our studies, we explore the effect of the asymmetry of the coil block on structural transition in ABC
coil-rod-coil triblock copolymers. The interaction parameters between different species are the same, i.e.,
XAB = XYBC = XAC = X, and the degree of the polymerization is N = 20. Our calculations are preformed
in the lattices of N = 60% and N, = 803, and the emergence of the self-assembled structures are not
constrained by system size. As showed in figure [T} some stable structures are observed, i.e., cylinders,
core-shell hexagonal lattice (CSH) phase, lamellae and gyriod, and a perforated lamellae phase appears
as a metastable structure. The phase diagrams for copolymers constructed by fa versus y N are shown in
figure[2)for fz = 0.2,0.4,0.6, and most of the regions of all the phase diagrams are occupied by lamellar
phase. This indicates that the tolerance of the lamellae to chain architecture asymmetry is the highest of
these stable phases in ABC triblock copolymers.

In the case of fg = 0.2, and when fj (= 0.05,0.1) is small, among the three phase, i.e., micelles,
CSH phase and lamellae, micelles are the most stable, and the A and B components coexist in the domain
of a micelle. With an increase in f5, CSH phase (0.15 < fa < 0.20), where the core and shell severally
consist of A and B components, firstly becomes more stable, and then lamellae (0.25 < fa < 0.40) are
stable phase. For rod-coil diblock copolymers, at fg = 0.2, lamellae are not observed, while micelles
are observed. Therefore, the existence of a third block leads to the appearance of lamellae, which is
confirmed by the flexible triblock copolymer [30]. The CSH phase and lamellae also appear in turn under
the similar conditions in flexible ABC ones, but the A and B component-mixed phase is not observed.
However, it is expected that micelles will change into CSH phase when the interaction parameter is rather
big. Therefore, for fg = 0.2, the effect of the length of the end block on microphase separation in ABC
coil-rod-coil triblock copolymers is similar to that of the flexible ones.

For fz = 0.4, when the two coil blocks are symmetrical, gyriod and cylinders can be found, gyriod
is more stable in the small parameter region of 9 < yN < 13. With an increase in y N, cylinders are
more stable than gyriod. With the appearance of the asymmetry of the copolymers (0.20 < fj < 0.25),
gyriod is replaced by lamellar structure. When yN > 14, the free energy of the lamellae is higher than
that of cylinders, and thus cylinders remain stable. When fa = 0.15,0.10, the cylinder structure is also
replaced by lamellae into the larger y N region, and near the order-disorder transition, the copolymers
self-assemble into gyriod again. When fy = 0.05, cylinders are observed in a small y N region, which
is different from the case of the large fa. When yN > 12, lamellae are still observed. In the flexible
ABC triblock copolymers, however, the three-color lamellae do not appear when fp < 0.1. It is obvious
that the appearance of lamellae at fy = 0.05 results from the rigidity of the middle block copolymer
of coil-rod-coil triblock copolymer. Accordingly, the chain stiffness is propitious to the occurrence of
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Figure 1. (Color online) The self-assembled structures of ABC coil-rod-coil triblock copolymers: (a)
cylinder (the components A and C are eliminated for clarity); (b) lamella (the components A and C are
eliminated for clarity); (c) gyriod (the components A and B are eliminated for clarity); (d) perforated
lamella phase (the components A and C are eliminated for clarity); (e) core-shell hexagonal lattice (the
components A and C are eliminated for clarity).

lamellae, which is scrupulously discussed in bottlebrush block copolymers [31]]. Furthermore, when
13 < yN < 16, perforated lamellar phase is observed as a metastable structure. When fy becomes
small, the gyriod and cylinders sequentially appear for small y NV, indicating that the self-assembly for the
asymmetric coil-rod-coil triblock copolymers tends to be that of the coil-rod diblock copolymers, which
is in detail discussed below. It is noted that with an increasing y N, the lamellar phase translates into
cylinders for large fa, and vice versaat fa = 0.05. The effect of the length of the end A block is concerned
with the fraction of the middle rod block. For fg = 0.6, the distribution of the ordered structures in a
phase diagram [see figure[2](c)] is similar to the one of fg = 0.4 for large fa. It is shown that the effect
of asymmetry of the end coil block on self-assembly will reduce when fg continues to increase.

In order to clarify the difference of the above two transitions between lamellae and cylinders for
fs = 0.4, as shown in figure [3] the cylindrical phases for different f) are compared below. When
fa = 0.05 and near the order-disorder transition, both B and C components self-assemble into two
cylindrical domains which distribute symmetrically in the space [see figure[3](a)]. The rest of A component
appears in the same region of B component as shown in figure 3] (c), since the volume fractions of A
component are too small to appear alone in some space positions, where cylinders are similar to those of
rod-coil diblock copolymers [23]. When yN increases, the A component is separated from the domain
of B component, and the lamellae become stable. In other words, the cylinder/lamella transition appears
with an increasing yN. The reason for the formation of cylinders and the explanation for the transition
between cylinders and lamellae are in detail discussed by Chremos and Theodorakis [32]]. They proposed
that a molecular asymmetry is required for the formation of cylindrical domains, and the cylinder/lamella
transition results from the entropic penalty, which does apply to diblock copolymers. When fy = 0.05,
the coil-rod-coil triblock copolymers are very asymmetric and are regarded as diblock copolymer, and
thus the cylinders form. The appearance of lamellae with yN is due to the behavior of the triblock
copolymer. It is obvious that herein the mechanism of the cylinder/lamella is different from the one
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Figure 2. (Color online) The phase diagram for the ABC coil-rod-coil triblock copolymers with different
length of the end A coil block when fg = 0.2, 0.4, 0.6, respectively.

proposed by Chremos and Theodorakis. The appearance of the cylinder/lamella transition is to minimize
the interaction energy among different components, which is in reasonable agreement with the same
transition observed experimentally in rod-coil diblock copolymers [33]].

By contrast, when f} is large, only B component assembles into cylinders, and the A and C components
appear alternately in the regions between the series of cylinders [see figure 3] (b) and (c)]. When yN
is small, the interface between different component domains is relatively thick, where the system tends
to make more room for the coil block to maximize entropy. When yN increases, the interface of
lamellae tends to be thin to minimize the interaction energies between different components, and to
simultaneously give rise to the configuration entropic penalty. Compared with lamellae, cylinders, where
the rods are assembled into interdigitated bilayer structure [23]], are favorable to the configuration entropy.
Consequently, the cylinders are more stable than lamellar phase for large y N, i.e., the lamella/cylinder
transition appears with yN.

4. Conclusion and summary

Using the self-consistent field approach, the effect of asymmetry of the coil block on the microphase
separation is focused in ABC coil-rod-coil triblock copolymers. The calculated results show that the
effect of the coil block fraction f4 is dependent on fg. When fg is small, the effect of asymmetry of the
coil block is similar to that of the ABC flexible triblock copolymers; When f is an intermediate value,
the self-assembly of ABC coil-rod-coil triblock copolymers can behave like rod-coil diblock copolymers
under rather asymmetrical conditions. When fg is large, the effect of asymmetry of the coil block
reduces. For intermediate fg, under the symmetrical and rather asymmetrical conditions, an increase in
the interaction parameter between different components leads to different transitions between cylinders
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Figure 3. (Color online) Figures (a) and (b) are cross sections of the two cylindrical structures with
fa = 0.05 and fa = 0.3, respectively. Figure (c) indicates the density changes of three components
along the black line in the figures (a) and (b), the hollow and solid symbols correspond to fa = 0.05 and
Jfa = 0.3, respectively.

and lamellae. In rod-coil ABC systems, the asymmetric interaction parameters can also be tuned up.
It is expected that the interesting morphologies can form in the self-assembly under the conditions of
asymmetric interactions, which is demonstrated by the ABC coil-coil-coil triblock copolymers [30, 34].
This investigation will be implemented in the subsequent work.
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Bname acmmeTpii BUTKONOAI6GHOro 610Ky Ha CAaMOCKYNUYEHHS Y
ABC BUTOK-CTEpP)XeHb-BUTOK TPM6/10KOBUX KOonoslimepax

K.-T. FaHl I'.-r'. Menr, i1.-r'. MdT, C.-N1. Oysn

BuiLa WwKona NnpupoaHNYNX HayK, YHIBEpCUTET HayKuy | TeXHONOTi BHYTPiLWHLOT MoHronii,

Baoty 014010, KnTaia

FonoBHa nabopaTopis iHTErpoOBaHOro BUKOPUCTAHHA MyAbTUMeTaNiYHKX pecypcis basH 060, YHiBepcutet
Haykw i TexHonorii BHyTpiHboi MoHronii, baoty 014010, Kutai

BuKoOpMCTOBYHOUM CaMOY3royKeHUA NofbLOBUIA MigXid, ONMCaHO BM/AWB acMMeTpii BUTKOMNOAIGHOro 610Ky Ha
MikpodasHe po3sgineHHs B ABC Tpub10koBUX Kononimepax BUTOK-CTepPXKeHb-BUTOK. [ins pisHuX ¢pakLiin ctep-
XHeBOro 610Ky fg, cnocTepiratoTbCs CTiMKI CTPYKTYPY, @ came laMenu, LUAiHAPWY, ripoig i rekcaroHanbHa rpaTtka
cepAeYHNK-060/10HKa, a TakoX NobyAosaHi ¢pa3oBi AgiarpaMu. PesynbTaT o6UMCNeHb NOKasytoTb, WO edekT
dpakuii BUTKonogi6Horo 610Ky fa 3anexuts Big fg. Koan fg = 0.2, Togi BNAMB acuMeTpii BUTKOMOAIGHOTO
610Ky € NOAIGHNM A0 edekTy ABC rHyukux Tpnénokosux kononimepis. Koan fg = 0.4, Toai camockynyeHHs
ABC BUTOK-CTepXXeHb-BUTOK TPUBAOKOBUX KOMoniMepiB BigbyBaeTbCs NoAibHO Ao ABO6IOKOBUX KononiMepis
CTepXeHb-BUTOK 3a MeBHWX YMOB. Konu fg NPOAOBXYE 3pocTaTy, TOAI BNAMB ackMeTpii BUTKoNogi6Horo 6:10-
Ky 3mMeHwyeTtbes. Mpu fg = 0.4, 32 CUMeTPUYHKX Ta JOBOAI aCMETPUYHKX YMOB, 36iNbLUEHHS NapameTpa
B3a€EMOZii MiXX Pi3HUMUN KOMMOHEHTaMU NPU3BOAUTL A0 Pi3HMX NepexoAiB MixX LuaiHApaMn Ta namenamu. Pe-
3yNbTaTu BKa3yoTb Ha AEAKNIA 3HaYHWT BNANB NaHLEOXXKOBOT apXiTeKTypy Ha CaMOCKyMYeHHS, Lo MoXe 6yTu
KepiBHULTBOM AN PO3pO6KMN Ta CUHTE3Y KOononiMepHUX Matepianis.

KntouoBi cnoBa: camoy3rogxeHa rnosbL0Ba TEOPisi, CTEPXEHb-BUTOK 610KOBUIT KOMOIMep, CaMOCKYMYeHHS
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