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ABSTRACT: The phase behavior of binary blends of rod—coil
diblock copolymers and coil or rod homopolymers is studied by
the self-consistent field theory (SCFT). The rod blocks are
modeled as wormlike chains and the corresponding SCFT
equations are solved using a hybrid method, in which the
orientation-dependent functions are discretized on a unit
sphere, while the positional space-dependent functions are
treated using a spectral method. Phase diagrams of the blends
are constructed as a function of the homopolymer volume
fraction and phase segregation strength. It is discovered that the
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phase behavior of the system depends on the flexibility of the homopolymers. The addition of coil-homopolymers stabilizes the
smectic phases. Low-molecular weight coil-homopolymers tend to mix with the coil-blocks, whereas high-molecular weight coil-
homopolymers are mostly localized at the center of the coil-domains. On the other hand, the addition of rod-homopolymers
strongly affects the orientation ordering of the system, leading to transitions between monolayer smectic-C, monolayer smectic-A

and bilayer smectic-A phases.

B INTRODUCTION

Rod—coil block copolymers have attracted increasingly recent
attention because they represent a unique polymeric system with
potential applications to the manufacturing of various functional
materials, including conjugated polymers as one of the most
fascinating examples used in economic and efficient organic
optoelectronic devices." * A desirable feature for these conju-
gated materials to be useful is their ability to self-assembly into
well-defined nanostructures.”® In contrast to coil—coil diblock
copolymers, however, the phase behavior of rod—coil copoly-
mers is significantly complex due to the anisotropic orientational
interaction and chain rigidity of the rod-like blocks. The rigidity
of these polymers originate from 7-conjugation (semiconducting
polymers), mesogenic unit, helical secondary structures (bio-
molecules), or aromatic groups (aramide and aromatic polyester
high-performance resins).”~'* Their self-assembly depends not
only on the volume fraction of the coils, f, and the Flory—
Huggins interaction between unlike blocks, %N, but also on other
additional parameters, namely the liquid crystalline or orienta-
tional interaction between the rods, uN, the conformational
asymmetry between the rods and coils, 3, and the interplay between
%N and uN. Previous experimental” '® and theoretical'” >
studies have demonstrated complex phases including isotropic,
nematic and smectic liquid crystal structures occurring in a wide
range of coil fractions in the phase diagram, and interesting
cylindrical structures with liquid crystal core or corona for side-
chain liquid crystal block copolymers.**2° In particular, in con-
trast to coil—coil block copolymers, layered structures occupy a
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larger region of the phase space for rod—coil block copolymers
due to the dominant orientational interaction between rods over
the coils stretching entropy.

Furthermore, a domain size in the order of 10 nm is a crucial
requirement for optoelectronic applications. One effective
route to control the domain size in block copolymer systems
is the addition of homopolymers which is chemically identical
to one of the blocks. For rod—coil block copolymers, it has
been demonstrated that adding homopolymers is an efficient
method for controlling domain spacing, rod orientation,
rod—coil interfacial property and transformation of various
liquid crystalline phases without additional synthesis.>” > For
coil—coil diblock copolymer and coil-homopolymer blends,
the solubilization of the coil homopolymers have been studied
extensively both experimentally and theoretically in the past
few decades.*® >** The mechanism of homopolymer solubiliza-
tion depends primarily on the ratio of its molecular weight to
that of diblock copolymers, which is similar to the case of wet or
dry brush systems.>" In contrast, for the case of the addition of
rod-homopolymers, the solubilization is more complicated due
to the anisotropic liquid crystalline interactions between the
rod blocks, as well as the conformational asymmetry between
the rods and coils. Recently Tao et al.”” experimentally and
theoretically investigated the domain size control of rod—coil
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block copolymers by blending with molecular weight matched
rod, coil, or rod and coil homopolymers. The lamellae period
varies due to the different mechanisms of rod and coil homo-
polymer solubilization, which is in agreement with the self-
consistent field theory (SCFT) and scaling theory. However,
their SCFT simulations assumed completely rigid rod model
and only focused on a monolayer smectic-A structure. Further-
more, a macrophase separation was predicted by SCFT at high
homopolymer volume fractions, which was in discrepancy with
the experimental results.

Therefore, systematical investigation of the effect of rod or
coil homopolymers on the phase diagram and detailed micro-
structure including microdomain spacing, orientation of rods is
highly desired. The SCFT based on the wormlike chain model
for the rods**?**° presents an accurate method to describe the
phase behavior of polymers with some degree of chain rigidity.
In this framework, the state of a polymer segment s is specified
by its position r and its orientation u, which represents two
additional internal coordinates. In this case the numerical
solution of the 6D diffusion equation including the angular
Laplacian operator V,” for the wormlike chain propagator
q(r,u,s), presents a computational challenge compared to that
of Gaussian chain. Until now several numerical implementa-
tions have been proposed to solve the SCFT equations for
wormlike chains, including spherical harmonic expansion®"**
and real-space finite volume algorithm proposed by our
group.”? In the spherical harmonic method, the orientation-
dependent functions are expanded by Y;,,(u) and the calcula-
tion is mostly restricted with axial-symmetry (m = 0) for
simplicity. In contrast, the real-space method is a true 3D Euclidean
space consideration of the orientational variables, which can
distinguish smectic-C from smectic-A conveniently. In particular,
our recent developed hybrid method™ highly improved the
solution accuracy and stability by a combination of real-space
finite volume algorithm with the spectral method, where the
space-dependent variables are expanded by a series of basis
functions instead of the finite difference method in real-space.”

In this paper, we extend and apply the hybrid numerical SCFT
approach to systematically examine the phase behavior of rod—
coil block copolymers blended with coil or rod homopolymers.
The stability of the layered structure in a larger region in the
phase space allows it to persist even with the addition of large
amounts of homopolymers. Therefore, we only focus on the
lamellae structure and the controlling parameters in these blend
systems include the Flory—Huggins interaction }N between the
unlike rod and coil species, the Maier—Saupe interaction uIN
between the rigid rods, and the size asymmetry ratio between the
rod and coil 5. First the phase diagrams of rod—coil/coil and
rod—coil/rod blends are constructed to explore the effects of
additional homopolymers on the phase behavior. Second we
examine the distribution of coil or rod homopolymers within the
microstructure domains, to understand different solubilization
mechanisms for rod and coil homopolymers. Finally, the SCFT
results are compared with the experiments and scaling theory, to
further understand the underlying physics of the blend phase
behavior.

B THEORETICAL MODEL AND NUMERICAL
ALGORITHM

We consider an incompressible binary mixture of rod—coil
diblock copolymers and coil or rod homopolymers confined in a

volume V. Each diblock copolymer chain consists of Nrc mono-
mers including Nyc coil segments and Nyg rod segments. Each coil
homopolymer possesses Nj,c segments, and each rod homo-
polymer possesses N,r segments. The coil blocks and coil
homopolymers are modeled as Gaussian chains characterized
by a statistical segment length a, while the rod blocks and rod
homopolymers are modeled as wormlike chains characterized by
a statistical length b and a diameter d. For simplicity, the coil and
rod segments are assumed to have the same monomeric volume,
ie,, a’ = bd® = 1/ py, thus the coil volume fraction of the rod—coil
diblocks iSde = (NdC)/(NdC + NdR) = (NdC)/(NRC)~ Further-
more, the molecular weight of the coil homopolymers is char-
acterized by the ratio between Nj,c and Nyc, O = Nj,c/Ngc. For
the rod homopolymers, we will consider the case with the same
chain length as that of the rod blocks of the rod—coil block
copolymers, Njg = Ngr. The volume fractions of the added coil
and rod homopolymers in the blends are denoted as f;,c and fix,
thus the overall volume fractions of the coil components are fc =
foc + (1 = fuc)fac in arod—coil/coil blend and fc = (1 — fir)fac in
arod—coil/rod blend, respectively. Similar to our previous papers,”
a unit vector u(s) denotes the orientation of the s th rod segment
and the geometrical asymmetry (topological disparity) between
rods and coils is characterized by f = bNrc/a(Nrc/ 6)1/ 2. The
SCFT study for the blend system is performed in a canonical
ensemble, with a Flory—Huggins interaction yN describing
the repulsion between the rods and coils, and a Maier—Saupe
mean-field potential N quantifying the anisotropic interactions
between the rods. In the following expressions, all the spatial
lengths are scaled by the unperturbed radius of gyration,
Ry = a(Ngc/6)".

The hybrid method of numerically solving SCFT for rod—
coil diblock melt is described in our previous paper in detail.®
In this paper, we extend this method to blends of rod—coil diblock
copolymers and coil or rod homopolymers. In the framework of
the hybrid numerical method, only the spatial-dependence of a
function is expanded in terms of basis functions, g(ru) =
X,'gj(u)fj(r).36 For periodically ordered structures, the spatial-
dependent basis functions fi(r) (i = 1, 2, 3, ...) are chosen as
orthonormal eigenfunctions of the spatial Laplacian operator V>
such that

% / drfi(r)fi(x) = 0y, Vifi(x) = —Afi(x) (1)

In the current paper, we mainly focus on the lamellae
(smectic) phases. Therefore, all spatial-dependent functions vary
along with one dimension only, i.e., z-axis. The basis functions for
this one-dimensional case can be chosen as follows:

fle) =1, \/Ecos(%), ﬂm(%),
ﬂcos(%), \fzsin(‘%)... 2)

where D is the period of the ordered phases and z is the
coordinate along the lamellae normal. The z-dependent end-
segment distribution functions such as q(z,s) and q(zu,s) can be
expanded by fi(z). Thus, these functions are specified by the
expansion coefficients, qac,i(s), gac,(s) and qar (ws), qar(u,s)
for the coil and rod blocks, gi,c,(s) for the coil homopolymers
and gr (u,s), qffm(u,s) for the rod homopolymers, respectively.
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The diffusion equation for gqc,(s) and qqr ;(u,s) becomes:

aqdc,i(s)

Y — Aigac,i( erkadC; siwek (0 = s < fic)

(3)

with the initial condition of q4c(0) = 0. Similarly, the
differential equation determining the propagator of the rod-like
blocks is given by

dqm (ws)
ds

AR {WR,FM,(: (uufg)}qdk,j(u,s) (e <s<1) (4)

1
= Bu X Ayan(w5) + 2-Vidan,i(w )
J

with the initial condition of qgr ;((wfic) = gac,(fac)- Because the
two ends of the rod—coil diblocks are distinct, two conjugate
propagator coefficients are required to complete the description
of the diblock chain conformations.

aQ:er,i(u; 5)
ds

# 0w e~ Me (w3 i 09 e =520 (9

1
—Vﬁ Qd+R, i (“’ s)

- _ A; + ,s) —
ﬁ“; JqdR,,(“S) o

with the initial condition of q4r /(u,1) = ;.

3q§c, i(s)

35 = li‘lji—c, i(s

)+ X Y Tidac j(s)wer (0 =5 = fac)
i k

(6)

with the initial condition of qjlrc,i(fdc) = (1)/(4m) f dquRﬂ-(u,
fac)- The coil homopolymer chain conformation can be simply
described by the one chain propagator coefficient as,

dqnc,i(s)

P — Aigne,i(s) — X, X Djdne,j(Iwer (0= s < o)
[

(7)

with the initial condition of guc;(0) = O,;. Similarly, the rod
homopolymer chain propagators can be simply described by a
pair of propagator coefficients gy ;,(u,s) and qf,rR,i(u,s) asin eqs 4
and 5, where 0 < s < 1 — fyc. But the initial conditions are
gnr,(1,0) = 0,1 and grip :(u,1 — fyc) = O;1. In the above expres-
sions, the structure of the system is characterized by the eigenvalues
and overlap integrals of the eigenfucntions, which are defined by,

ifi=1

0
. <B”> if § even o
(%) 2 if i odd
1y =3 [ &5@VHE o)
T = 3 | €A (10)

where I'j; is a symmetric tensor, and Aj; is an antisymmetric
matrix. The parameter x in eqs 4 and S represents the bending

rigidity, which is nondimensionalized by Ngc. Similar to our
previous studies, we will set as k¥ = 30 to model rigid rods.
The single chain partition functions for rod—coil diblocks, coil
homopolymers and rod homopolymers are given, respectively,
by

1

Qre = s du gar,1(w, 1), Que = gnc,1 (),

1
R = E/ du gigr,1(w, 1 — fac) (11)

The coefficients of density distributions for coil blocks @4c,;
and rod blocks @g4g ; are given by:

v, = B [* s 3T a0

Qs qu 1 (5) Tk (12)

fre / ! .
;= ds [ du i(u,s u,s);
Pari = i Qec ), ;Zk‘,qom,;( )4, (0 5) Dije
(13)

where frc is the average volume fraction of rod—coil diblock
copolymers, with frc = 1 — fi,c and frc = 1 — fir in the rod—coil/
coil and rod—coil/rod blend systems, respectively. The coeffi-
cients of density distributions for coil homopolymers ¢;,c; and
rod homopolymers @y, ; are

Gne,i = fh—c ds ZZ‘]hC; s)ghe k(=)D (14)

QuncJo
1 — fac
h
P = Jon / ds [ du Y gir,;(ws)qup (0 5) i
Qur Jo ik
(15)

The amplitudes of potential fields acted on the coil and rod
components are

we,i = XN(@ar i + @hr,i — O (1 —fc)) + & (16)

Onfc) + & (17)

The orientational parameter and Maier—Saupe potential field
are

1 ! I
S = / ds [ du Z Z qar,j(u, s)qIR‘k(u, 5) <uu - 3) T
7k

4.7'[QRC fac

1 1 — fac I
[ [ @S S (-5
0 ik

* 4.7'[Q_},R
(18)

The second term of the right side of eq 18 disappears in the
rod—coil/coil blends. Furthermore, we define,

WR,i = XN(¢dC,i + @ue,i —

The system is subjected to the incompressibility condition
@ar,i T Pac,i T Phc,i T Par,i = Onn (20)

where &; in eq 20 is chosen to be &; = A(@ar; + Qac; + nc, +
¢nr,; - O, where A should be large enough to enforce the
incompressibility of the system. Once the self-consistent field
equations, i.e., the above amplitudes are numerically solved, the
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real-space representations for the density distributions can be
calculated as:

Pac(z) = Z‘Pdc,fi(z); Par(2) = Z‘de,ifi(z) (21)

The expressions for %C(Z)r (th(Z); WC(Z); WR(Z); S(Z); M(Z)
and &(z) are analogous. Within the SCFT framework, the
Helmboltz free energy of the rod—coil/coil blends is given by:

Fu
VlkBT

1
= V/ dr |:XN(§0dC + @hc)Par — we(Pac + Guc)

1
— wr@ar — &(1 — Qac — Par — ¥nc) JrEM : S

Qrc  foc, @
— (1 *fhc) lnm — E IHJE th (22)

and the Helmholtz free energy of the rod—coil/rod blends is
given by:

F)
nkBT

1
=y / dr [wadc(waR + ¢nr) — wePac — wr(Par + @hr)
1
—&(1 — @4c — Yar — 1) +EM : S

Qrc fir ln(l —fdc)QhR

~(1=fw) ln(l —fw)  1—fic fir

(23)

For the calculation of the SCFT equations composed of the
expansion coefficients, the potential and orientational fields are
updated using eqs 16—19 by means of a linear mixing of new and
old solutions. These steps are repeated until self-consistency is
achieved. During each step, the key and time-consuming proce-
dure is the solution of propagator coefficients in diffusion-like
egs 4 and 5. The angular Laplacian such as V. qar(ws) is
calculated by the finite volume algorithm with the orientation
variable u discretized on the surface of a unit sphere like our
previous work.”® In order to ensure that the convergence of free
energy, the number of basis functions is set in the N; = 13—31
range for different interaction conditions. N = 800 contour points
are used to resolve the s dependence, to ensure the discretization
of As = 1/N; sufficient to obtain accuracy of the order of 10~ in
the potential fields (including compositional and orientational
potentials). The solution for a certain period length D and tilt
angle 0 is proven to rapidly achieve self-consistence with the free
energy accuracy in the order of 10™*. Finally the equilibrium
morphology is obtained according to the minimization of free
energy iterated with respect to variety of reasonable simulation
box sizes and different initial guess of the orientational direction.

B RESULTS AND DISCUSSION

Recently, as the first application of the hybrid numerical SCFT
method, we have constructed phase diagrams of rod—coil
diblock copolymers as a function of the ratio between orienta-
tional interaction and microphase separation, i.e., the ratio 1/,
and the topological disparity between the rod and coil blocks 3.
It was demonstrated that the stability of various smectic phases
depends strongly on u/y and f. In the current study, we choo-
se a compositionally symmetric rod—coil diblock copolymer
(fac =0.5), which self-assembles into monolayer smectic-A phase

(mA) at u/y = 4 and 8 = 4 for %N above the order—disorder
transition (ODT), to examine the influence of the added homo-
polymers on the phase behavior. Three different coil homopoly-
mers, characterized by a ratio of the molecular weight of coil
homopolymers to rod—coil copolymers suchas 0. =1/8,1/2 and
1, and molecular weight matched rod homopolymers (Ny,r = Ngr)
are chosen to be blended with the rod—coil block copolymers.

A. Rod—Coil/Coil Blends. Phase Diagrams. We first present
the phase diagram in the plane defined by yN (with a fixed
u/y =4) and the overall volume fraction of coils f¢ for various
values of 0, i.e., different molecular weights of homopolymers
(Figure 1). To make a straightforward comparison, the phase
diagram of pure rod—coil diblock copolymers is shown as
Figure la, which was obtained in our recent paper.”® In this
section we restrict our attention to the yN-values extending from
the ODT between the isotropic and smectic phases to inter-
mediate segregation area (xN = 6—14).

A common feature emerging from Figure 1 is that the area of
the ordered smectic structures is enlarged with the addition of the
coil homopolymers. This result is in agreement with the experi-
mental observations of unusual stability of lamellae in rod—coil/
coil blends with large amounts of molecular weight matched
homopolymers incorporated.”” In particular, the results show that
even the low molecular weight coil homopolymers, such as the case
of 0. = 1/8, have the ability to stabilize the ordered smectic phases
of rod—coil diblock copolymers, as evidenced by a comparison
between Figure 1a and 1b. This behavior is quite different from
the case of coil—coil AB diblock copolymer and coil A homo-
polymer blend system, where the low molecular weight homo-
polymer such as 0. < 1/4 is predicted to disorder a microstructure
because of the entropy gain due to a uniform homopolymer
distribution throughout the blends.>" This difference can be
understood by the orientational interaction between rod blocks.
The orientational interaction drives the rods to be aligned to one
preferred direction, i.e., the nematic director n, leading to a fine
smectic monolayer of rods, thus preventing the coil penetration
into the rod-domains. Another feature from Figure 1 is that the
region of smectic phases expands significantly with the increase
of the molecular weight of coil homopolymers (), from Figure 1b
to Figure 1d, resulting in a larger critical volume fraction of coils fc
for the isotropic—smectic transition in the phase diagram. How-
ever, the three different molecular weight coil homopolymers
exhibit different solubilization mechanisms into the matrix of
diblock copolymer lamellae, which will be discussed in detail in
the following section.

The series of rod—coil/coil blends also present a critical value
of N for the ODT similar to the case of AB/A coil blends.*"
When the system is below %N = 6, or the ODT of the pure rod—
coil diblocks, the coil homopolymers are completely miscible
with the diblocks and only an isotropic state is found. Therefore,
the addition of coil homopolymers hardly changes the ODT at
fc = 0.5 of pure rod—coil diblock copolymers. Moreover, the
three rod—coil/coil blends examined here do not undergo macro-
phase separation, which however occurred at the AB/A coil blends
with the addition of high molecular weight homopolymers.*'

It is noted that the monolayer smectic-C (mC) phase observed
in the neat rod—coil diblocks at yN = 12 in Figure 1a disappears
and the mA occurs instead when blended with coil homopoly-
mers in Figure 1, parts b—d. The stabilization of the mA
results from the solubilization of homopolymers, which can
relax the stretching entropy of coil blocks. With the increasing
of the molecular weight of the coil homopolymers (), this
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Figure 1. Phase diagrams for a symmetric rod—coil diblock (fgc = 0.5) blended with different molecular weight (denoted by the ratio o) coil
homopolymers as a function of YN and fc with ¢/y = 4 and f = 4. Solid lines are guide to the eye denoting phase boundaries between the isotropic and
smectic phases. Key: (a) the pure rod—coil diblocks; (b) a.=1/8; (c) ot = 1/2; (d) ot = 1.

solubilization effect becomes weaker and thus the stability of the
mC instead of mA at yN = 14 significantly increases. According
to the polymer brush theory, when the coil homopolymer is
shorter than the coil block such as o = 1/8, the short homo-
polymers can penetrate into the coil blocks to form the so-called
wet brush. Then the rod blocks are laterally pushed apart,
creating more space for the chain relaxation of coil blocks, thus
favoring the mA in Figure 1b. When the coil homopolymers are
the same (0t = 1/2) length or longer (0t = 1) than the coil blocks,
the distance of their penetration into the coil blocks decreases
to form so-called dry brush, where the long homopolymers are
pushed toward the center of coil-rich area. In this case, the rod
blocks need to tilt an angle to the lamellae normal (formation of
the mC) to release the coil stretching entropy penalty.

Microstructure and Lamellae Period. The various effects such
as the molecular weight o and volume fraction f,,c of added homo-
polymers on the microstructure of smectic phases and lamellae
period are examined in this section. To be specific, we consider
the slices through the phase diagrams at a certain yN. Taking
advantage of numerical SCFT, various detailed distribution pro-
files can be obtained, including the densities for coil homopoly-
mers @, (z), coil blocks ¢4c(z) and rod blocks @4r(z), as well as
the rod block terminals ¢ 4r(z,s = 1) and the rod—coil junctions
@ar(zs = fac) according to the definition in ref 23.

Figure 2 shows the detailed density distributions for two re-
presentative rod—coil/coil blends, i.e., f,c = 0.2 and fi,c = 0.5,
corresponding to fc = 0.6 and fc = 0.75. When yN = 12, the pure
rod—coil diblock copolymers will adopt mC for fc = 0.6 and
isotropic for fc = 0.75 according to Figure la. However, from
Figure 2, the mA is observed in the blends both for low molecular
weight coil homopolymer o = 1/8 and relatively high molecular
weight coil homopolymer = 1. For & = 1/8, the small molecular

8394

weight coil homopolymers mainly distribute throughout the coil-
rich area and mix well with the coil blocks, only small quantity of
homopolymers penetrating into the rod domain at high homo-
polymer loadings, i.e., fc = 0.5 (fc = 0.75), as shown in Figure 2a.
The rod—coil interfacial area increases due to the swelling of
short coil homopolymers, which can provide more space to
release the stretching entropy penalty of coil blocks. Therefore,
two increasing density peaks of ¢4c(z) near the rod—coil inter-
face are found in Figure 24, at the cost of high interfacial energy.
This evolution of coil block density distribution is also observed
in the system of & = 1 in Figure 2b. However, like dry polymer
brushes, the high molecular weight coil homopolymers are com-
pletely prevented from penetrating into the interfacial region and
distribute at the center of coil-rich area even at low loadings, i.e.,
fuc = 02 (fc = 0.6). A significant sublayer of homopolymers
where @,c(z) approaches 1 is observed when fi,¢ is increased to
0.5 (fc =0.75), as shown in Figure 2b. This induces a continuous
unbinding transition for the coil blocks, where ¢4c(z) approaches
0 at the center of coil domain area, similar to the expectation in the
traditional AB/A coil blends.>’

Comparing the rod block densities between parts a and b of
Figure 2, the case of o = 1/8 experiences a slight decrease in the
density profile ¢4r(z) as fi,c increases from 0.2 to 0.5, while the
completely unchanged distribution @gr(z) is found for the
system of & = 1. In particular, the specific segment distributions,
@ar(zs =1) and Qgr(2,s = fyc) in Figure 2c and 2d, both exhibit
two-peak distribution near the rod—coil interface, suggesting the
unchanged interdigitate monolayer structure in the rod domain
both for &t = 1/8 and & = 1. Moreover the orientation degree
S..(z), which is the zz component of the orientational tensor S(z)
as defined in ref 23, persists at a high level and even approaches 1 in
the rod sublayers for a large quantity of coil homopolymer

dx.doi.org/10.1021/jp201972n |J. Phys. Chem. B 2011, 115, 8390-8400
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Figure 2. Density distributions of coil homopolymers ¢},(z), coil blocks @4¢(z) and rod blocks @ar(z) at fi,c = 0.2 and fi,c = 0.5, as a function of z, with
z =0located at the center of coil-rich area for (a) 0. = 1/8 and (b) & = 1. The density distribution of rod terminals @4r(z,s = 1) and rod—coil junctions

@ar(z,s = fac) for (c) a=1/8 and (d) o = 1.

additions (figures not shown here). This phenomenon is in
agreement with the observation of experimental results,”” where
the wide-angle X-ray scattering (WAXS) profiles indicated no
perceptible changes in the rod domain size and rod—rod spacing.
This is reasonable because the liquid crystalline characteristic of
rods can preserve its microstructure better than that of flexible
blocks. Furthermore, the anisotropic interaction between rods
and less entropy loss of rods at the rod—coil interface both favor the
flat interface and further maintain the stability of liquid crystalline
structure in the self-assembly of rod—coil block copolymer system.

To better understand the effect of the addition of coil homo-
polymers on the blend phase behavior, we examine the domain
sizes including the coil homopolymer rich area Dy, the overall
coil-rich area D, rod-rich area Dy and the overall lamellae period
D, as well as the homopolymer and diblock copolymer interfacial
width g, and the rod—coil interfacial width wg, where all the
lengths are in units of Rg. In this calculation, we define that the
interface between homopolymers and rod—coil diblock copoly-
mers as the inflection points z = z, where the second derivative of
¢nc(zo) is zero, and thus the interfacial width is given by wyq =
|(d)/(dz)pnc(2)] zzzofl. Similarly, the interface between rods
and coils is given by wgc = |(d)/(dz)g0c(z)|zzzfofl, with z = 2/,
pointing to the location for the zero value of second derivative of
@c(z). The numerical SCFT results at YN = 12 for different
values of (@ are shown in Figure 3.

Parts a and b of Figure 3 show the domain size Dy,c, D¢, Dx as
well as wy,q for low molecular weight homopolymer ot = 1/8 and
high molecular weight one a = 1. For the case of o = 1/8 in
Figure 3a, Dy,c is approximately equals to D, suggesting that the
coil homopolymers are well dissolved in the coil-block area,
which in turn decreases the stretching entropy penalty of coil
blocks. This result can be attested by the density profiles, ¢ (z)
and @4¢c(z) in Figure 2a. However for o = 1, a large difference
between D¢ and D¢ is observed. From the density profiles in
Figure 2b, high molecular weight homopolymers are expelled
from the coil blocks like the case of dry brush, and the interfacial
width wy,q between the homopolymers and diblock copolymers is
much smaller than that for & = 1/8. The results indicate that the
solubilization between coil homopolymers and coil blocks de-
creases as the increasing of @, which is in agreement with the
prediction of AB/A coil blends®" and polymer brush theory. The
resultant dependency of D and wgrc on O can be revealed in
Figure 3¢ and 3d, the addition of low molecular weight homo-
polymers (o = 1/8 and o = 1/2) increases the overall lamellae
period D and D¢ slowly, but the high molecular weight homo-
polymer (@ = 1) increases D (D) much quickly with enhancing
fuc. Unlike the AB/A coil blends, however, the solubilization of
coil homopolymers hardly influences the liquid crystalline struc-
ture of rod blocks. Figure 3a and 3b show the unchanged rod
domain size Dy with the increase of added coil homopolymers
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Figure 3. The domain sizes for coil homopolymers Dj,c, the overall coils D¢ and rods Dy as well as the homopolymer-diblock copolymer interfacial
width wy,q as a function of fi,c under yN = 12 for (a) a. = 1/8 and (b) a = 1. The lamellae period D and rod—coil interfacial width wgc are shown in (c)
and (d) respectively for three different molecular weight values of ot with SCFT calculations. The dashed line in part ¢ denotes the scaling theory result,

consistent with SCFT for o = 1.

for both o0 = 1/8 and o = 1. Moreover, the rod domain size Dy is
the same between 0. = 1/8 and o = 1.

In addition, we calculate the swollen lamellae spacing of rod—
coil/coil blends using a scaling theory in strong segregation limit,
with the assumption of a simple volumetric approach as per-
formed in ref 27. In the framework of scaling theory, the lamellae
period is defined as D' = (Dy)/(1 — fic), where Dy is the period
length of pure rod—coil diblocks. The plot of D' is inserted to
Figure 3¢, which shows a good agreement with our SCFT result
for o = 1. But small molecular weight homopolymers (o = 1/8
and o0 = 1/2) exhibit considerable departure from the scaling
theory. This discrepancy can be understood by examining the
rod—coil interfacial width wrc in Figure 3d. The interfacial width
wrc between rods and coils increases with the addition of coil
homopolymers f;,c for low molecular weight case suchas ot =1/8
and o = 1/2, while wgc remains unchanged for a = 1, due to
different solubilization mechanisms for different molecular weight
homopolymers as mentioned above. Therefore, the scaling theory
based on the strong segregation assumption is applicable for
examining the solubilization of added homopolymers with high
enough molecular weight. This is the reason for the departure
between experimental results and scaling theory in ref 27, where
the added homopolymers with a moderate molecular weight
predicted a slower increase of domain spacing than the scaling
theory.

In conclusion, the addition of coil homopolymers can increase
the stability of ordered smectic phases of rod—coil block copoly-
mers. The effect of molecular weight of coil homopolymers plays a
similar role in the microstructure of coil blocks to that in AB/A coil

blends, similar to the case of polymer brush. However, the micro-
structure and orientation of the rod blocks are almost unchanged
with the addition of the coil homopolymers due to their dominant
chain rigidity and mutual orientational interactions. In particular,
the coil domain size D¢ and lamellae period D increase slower
with the addition of small molecular weight coil homopolymers
(o0 =1/8, 1/2) than the case of high molecular weight (at = 1).
These results provide a good strategy for performance optimization
by blending suitable molecular weight coil homopolymers, to
modify the microstructure but preserve the liquid crystalline feature
in organic optoelectronic device based on the rod—coil self-
assembly.

B. Rod—Coil/Rod Blends. Phase Diagrams. We first present
the phase diagram of rod—coil/rod blends as a function of YN
(uN) and fc. Similar to the addition of coil homopolymers, a
symmetric rod—coil diblock copolymer (f3c = 0.5) is blended with
a molecular weight matched rod homopolymer (Nj,g = Ngg). The
interactional condition is still assumed in the range from weak to
intermediate segregation area (N = 4—14). As shown in Figure 4,
there are two main changes in the phase diagram of rod—coil/rod
blends in Figure 4b compared to that of pure rod—coil diblocks in
Figure 4a. First, a large portion of the nematic phase is replaced
with the ordered smectic phases with the addition of the rod
homopolymers at fir = 0.4—0.6 (fc = 0.2—0.3). This increased
stability of the ordered smectic phases is similar to that of the
rod—coil/coil blends studied in section A. While Tao et al.”’
predicted the macrophase separation of rod—coil/rod blends at
high volume fraction of rod homopolymers, i.e., fyr > 0.2 based
on the SCFT in the limit of completely rigid rod chains.
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Figure 5. Density distributions of rod homopolymers ¢y,r(z), coil blocks @4c(z) and rod blocks @4r(z) as a function of z at yN = 8 in part a, and the
plots of rod block terminals @4 (z,s = 1) and one of the ends of rod homopolymer @yg(z,s = 1 — fyc) in part b, for monolayer smectic-A (mA) with fi,r =
0.1 and bilayer smectic-A phases (bA) with fiz = 0.3.z = 0is located at the center of rod-rich area. The dashed line in part b denotes the rod block terminal

distribution @4g(z,s = 1) in pure rod—coil diblocks.

In particular, another distinction in Figure 4b is the appearance
of a bilayer smectic-A (bA) phase in the weakly segregated area
(YN = 6—8) when blended with a moderate amount of rod
homopolymers. This is different from the prediction of Semenov'”
and Matsen et al,'” where the bA phase was observed at
extremely large xN and small fc with the assumption of com-
pletely rigid rod model. In our work, the wormlike chain model
allows the rod blocks and homopolymers to have some degrees
of chain bending fluctuation and disalignment along the nematic
director, which can provide more interfacial area per coil block.
With the increasing of #N (xN), the rods tend to orient better
along the nematic director, resulting in the decrease of interfacial
area per coil block. In order to increase the interfacial area for the
requirement of coil stretching entropy, the rods interdigitate with
each other leading to the transformation from the bA to mA. This
result is quite similar to the phase behavior of the pure rod—coil
diblocks originating from different geometrical asymmetry be-
tween rods and coils (8 = 2) predicted in our previous work.**
Therefore, the theoretical results suggest that the bA structure
can be conveniently obtained by adding molecular weight matched
rod homopolymers instead of synthesizing specific rod—coil di-
blocks with small . In fact, both the addition of molecular weight
matched rod homopolymers and decreasing § can efficiently
increase the occupied interfacial area per coil block and control
the competition between interfacial energy and stretching entropy
of coil blocks, resulting in different smectic microstructures. To our

knowledge, the microstructure change in the rod subdomains
resulting from the rod homopolymer addition, i.e., the mA to bA
transition, has not been reported in previous experimental and
theoretical studies. To shed light on the solubilization mechanism
of rod homopolymers and its effect on the stability of different
smectic microstructures, we perform an investigation on the
microstructure, including rod orientation and rod segment ar-
rangement, as well as the lamellae period and rod—coil interfacial
property.

Microstructure and Lamellae Period. According to the SCFT
results, Figure S as an example shows the density distributions
of the rod homopolymers @r(z), the coil blocks p4c(z) and the
rod blocks @g4r(z), as well as the terminals of the rod block ¢4r
(z)s = 1) and one of the chain ends in the rod homopolymers
Onr(z5 =1 — fyc), as a function of fg for a rod—coil/rod blend
under relatively weak segregation strength, ¥N = 8. Different
from the rod blocks, the other terminal distribution ¢,g(z,s = 0)
equals to (2,5 = 1 — fyc) because there are two same free ends
in a rod homopolymer chain, and thus only @1r(z,s =1 — fyc) is
chosen for discussion here. The corresponding microdomain sizes
and their dependence on the volume fractions of rod homopoly-
mers fur are summarized in Figure 6a. At relatively low volume
fraction of the added rod homopolymers such as fir = 0.1
corresponding to fc = 0.45, where the mA structure is found
for pure rod—coil diblocks shown in Figure 4a, the rod blocks still
uniformly distribute in the rod domain as depicted by ¢4r(2) in
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Figure 6. Domain sizes and lamellae period for a symmetric rod—coil diblock copolymer (fc = 0.5) blended with rod homopolymers as a function of
fur, for two phase segregation strengths: (a) yN = 8, (b) ¥N = 12, and (c) asymmetric rod—coil diblock copolymer (f3c = 0.6) blended with rod
homopolymers under yN = 12. The dashed lines denote the scaling theory results for coil domain size D', compared with SCFT.

Figure Sa. As shown by the density of rod block terminals in
Figure Sb, the two-peak distribution of @4r(zs = 1) near the
interface becomes weaker than the case of pure rod—coil diblocks
due to the decrease of interdigitation in rod blocks, depicted by the
shorter distance between two peaks of @4z (z,s = 1). This results
in a slight increase of Dy, in Figure 6a as fi,r increase from 0 to 0.3.
In addition, the small amount of added rod homopolymers mainly
interdigitate into the smectic monolayer of rod blocks according to
the density profile ¢y,r(z) in Figure Sa. The two density peaks of
¢onr(zs = 1 — fyc) in Figure Sb is similar to the rod block
terminals ¢ 4r(z,s = 1) in pure rod—coil diblocks. The addition of
the homopolymers in the rod layer further increases the rod—coil
laterally interfacial width, thus providing additional interfacial
area for the coil blocks. In this case, the rod homopolymers and
blocks rearrange to form a bilayer structure to decrease the
interfacial energy. Taking fi,r = 0.3 as an example, the rod block
density @gr(z) starts to separate into two symmetric distribu-
tions in Figure Sa and the corresponding rod block terminal
distribution, @ 4r(z,s = 1) adopts one-peak at the center of rod-
rich area in Figure Sb, suggesting the end-to-end arrangement of
rods to form a bA structure. However the pure rod—coil block
copolymers with the same coil volume fraction, i.e., fc = 0.35, still
adopt the mA structure in Figure 4a. During the transformation
from the mA to bA structure in rod—coil/rod blends, the lamellae
period D and rod domain size Dy all increase with fi,x as shown in
Figure 6a. The rod homopolymers still keep the density distribu-
tion @ygr(z) within the rod domain in Figure Sa. In particular,
¢@nr(z5 =1 — fc) exhibits one primary peak in the middle of rod
domain, suggesting the end-to-end arrangement of one free end,

and two secondary peaks near the interface, which is the location
of the other free end. As a result, a threshold for the lamellae period
D and Dy occurs in Figure 6a, where both D and Dy reach the
maximum values as the increasing of fir. After that Dr decreases
due to the orientational disalignment of large amount of added rod
homopolymers from the nematic direction n, ie., the lamellae
normal in the bA structure. This phenomenon has not been
discussed in previous theoretic studies using completely rigid rod
model, and difficult to be examined in experiment.27 In contrast,
the coil domain size D¢ experiences a continuous decrease due to
the less chain stretching of coil blocks along the increased laterally
interfacial area, as a result of the interdigitation of rod homopoly-
mers into the rod blocks. Therefore, the overall D decreases more
obviously, as a result of the shrinkage both in Dy and D¢. However,
the rod—coil interfacial width wgrc remains approximately un-
changed because rod homopolymers do not penetrate into the coil
domain and keep the liquid crystalline rod in the nanodomain
structure due to the strong rod—rod interaction regardless of the
amount of added rod homopolymers. In contrast the interfacial
width wgc in rod—coil/coil blends experiences a continuous
increase with the penetration of coil homopolymers under the
same interaction condition, i.e., YN = 8 and uIN = 32 as discussed
in Figure 3d.

When the phase segregation strength is increased, such as
N =12 shown in Figure 6b, the mA—bA transition occurring at
2N = 8 is never observed for the entire range of examined rod
homopolymer fractions (f,g = 0—0.6 corresponding to fc = 0.5—
0.2 in the phase diagram of Figure 4b). This is because the
increased orientational interaction, i.e., N = 48 induces a better
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alignment of rods along the nematic direction. In this case, the
rods pack more closely, thus decreasing the rod—rod lateral
spacing. Therefore, the mA configuration favors coil stretching
entropy than the bA. In particular, in the range of f,r = 0—0.4
corresponding to fc = 0.5—0.3, the microstructure of rod sub-
domains remains almost unchanged, exhibiting monolayer packing
with well interdigitation between the rod homopolymers and
blocks. As a result, the rod—coil interface is sharp and wgc remains
almost constant. While the coil blocks rearrange to occupy more
laterally interfacial area, leading to a monotonic decrease of D¢ and
accordingly the decrease of D. This prediction is in agreement
with experimental and other theoretical results.””

Similar to the discussion in section A, the coil domain size is
also calculated as D' = (Do,c)/(1 + X) according to the scaling
theory,”” where Dy ¢ is the coil domain size of the pure rod—coil
diblocks and X is the volume fraction ratio of the rod homopolymer
to rod block component as X = (f,r)/((1 — fur) (1 — fac))- This
scaling theory is applicable in the strong segregation limit where
the microstructure of rod nanodomains keeps unchanged and the
interface broadening is not considered. In Figure 6a, the scaling
theory overpredicts the decrease in coil domain size when the phase
segregation is not so strong, i.e., N = 8. This can be understood by
the rearrangement of rods during the mA—DbA transition, where
the laterally interfacial area per coil block is smaller in the bA
predicted by SCFT than that in the mA assumed by the scaling
theory. The experimental study by Tao>” et al. also found the
departure from the scaling calculation. However, when the phase
segregation is increased to )N = 12, as shown in Figure 6b, the
SCEFT results achieve a good agreement with the scaling argu-
ment for fir = 0—0.4. With further increasing of f,c, the rod
homopolymers are significantly separated from the interdigitated
monolayer structure of rod blocks due to the increased transla-
tional entropy effects of free rod chains, which promotes a
transition from mA to nematic phase. In this case, the rod—coil
interfacial width wyc experiences an obvious expansion, and the
coil domain size D begins to depart from the scaling theory D' .

To further explore the effect of the added rod homopolymers
on the smectic-C phase of pure rod—coil diblocks, a rod—coil
diblock with f3c = 0.6 at N = 12 exhibiting mC structure is chosen
to be blended with the molecular weight matched rod homo-
polymers in Figure 6¢c. In contrast to Figure 6b, the obvious
feature in Figure 6c¢ is the slight increase of Dy and D at small
amount of homopolymer additions fi,g = 0—0.1. In this case, the
tilt angle of rods to the lamellae normal in the mC structure
decreases from 40° to 20° until a mA structure is formed at
fur = 0.2. This decrease in the tilt angle of mC has also been
observed experimentally in a blend system of rod—coil—rod
triblock copolymers and rod homopolymers.*® The mA structure
for a range of fyr = 0.2—0.6 remains unchanged with almost
constant rod—coil interfacial width wgc, similar to the case of
rod—coil (fzc = 0.5)/rod blends in Figure 6b. The resultant
constant difference in D¢ between SCFT and scaling theory
results from the mA—mC transition predicted in SCFT, where
the laterally interfacial area per coil block in the mC is larger than
that in the mA due to the tilting angle between the nematic
director n of rods and the lamellae normal.

Bl CONCLUSIONS

The addition of coil or rod homopolymers on the phase
behavior of rod—coil diblock copolymers is investigated system-
atically using a hybrid numerical SCFT method, in which the

coils are modeled as Gaussian chains and the rods are modeled as
wormlike chains. To simplify the presentation of the complicated
parameter space, the ratio between microphase separation inter-
action and orientational interaction is characterized by a fixed
ratio /) = 4, and the size asymmetry between rods and coils is
set as 3 = 4. In general, both the coil and rod homopolymers can
enhance the stability of ordered phases according to the con-
structed phase diagram.

In the rod—coil/coil blends, the incorporation of the coil
homopolymers expands the domain size of the swollen coil-rich
area, which accounts for the monotonic increase in lamellae period.
In particular, the ratio between the molecular weights of the
homopolymers and the diblocks (0t) plays an important role in
the microstructure morphologies, including the subdomain sizes
and interfacial width. For small molecular weight homopolymers,
such as o = 1/8, 1/2, a good solubilization between coil homo-
polymers and their corresponding block domains is observed due
to the mixing entropy effect of short homopolymer chains. In this
case, the increase of coil domain size is not so obvious. As
enhancing @, the stability of ordered smectic structures increases
and the region of mC structure expands obviously in the phase
diagram. A good agreement between SCFT and scaling theory is
obtained when the blending coil homopolymers are of high enough
molecular weight such as & = 1. In particular, the rod domain
configuration and smectic interfacial property remain almost un-
changed during the adding of different coil homopolymers, due
to the dominant chain rigidity and liquid crystalline behavior
of rods.

In the rod—coil/rod blends, the molecular weight matched
rod homopolymers mainly interdigitate with the rod blocks
in their sublayers, which will lose less entropy when approach-
ing the wall and interface than coil chains. This effect plays an
important role in stabilizing the smectic interfacial property,
and significantly influences the microstructures. A mA—bA
transition is predicted as the increase of homopolymer fraction
under the weakly segregation region, which is similar to the
phase behavior of pure rod—coil diblocks with a smaller size
asymmetry parameter, i.e., ﬂ = 2 in our previous work. This
implies that the bA structure can be obtained by conveniently
blending molecular weight matched rod homopolymers into
rod—coil diblocks, instead of synthesizing the rod—coil block
copolymer with small size asymmetry between rod and coil ().
When the microphase separation increases to a strong segrega-
tion condition, i.e., YN = 12, the mA structure maintains un-
changed and the SCFT results achieve a good agreement with
the scaling theory. However for a mC configuration of the pure
rod—coil diblocks, the rod homopolymer interdigitation will
lead to a phase transition from the mC to mA, which is first
observed in rod—coil/rod blends. As far as we know the current
work is the first time to use the semiflexible chain SCFT to
explore the self-assembled phase behavior of rod—coil diblock
copolymer with homopolymer blends. The SCFT studies show
that blending coil and rod homopolymers in the self-assembly
of rod—coil block copolymers offers new insight into the fine
control of microdomain sizes and stabilization of smectic
microstructure for optimizing the organic optoelectronic device
performance.
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