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ABSTRACT: We present a theoretical study of the effects of solvent on the phase behavior of AB, miktoarm star
copolymer solutions by adopting the self-consistent mean-field (SCMF) theory. In general, the associated effects
with the addition of one solvent on the AB linear diblock copolymers hold true on the AB, miktoarm star
copolymers. However, due to the asymmetry of molecular architecture, AB,, exhibits a new spherical packing order
of A15, which has to be considered in competition with the well-known body-centered cubic (BCC) and face-
centered cubic (FCC) packing orders in the AB linear copolymer solutions. It is found that for A-formed spheres,
the “normal” ones (i.e., formed when A is a minor block) can adopt two packing arrays of BCC and A 15, while the
“inverted” ones (i.e., formed when A is a major block) favor the A15 and FCC packing. Upon increasing
the solvent amount/solvent selectivity, these A-formed inverted spheres tend to pack from BCC to FCC. Moreover,
the transition of BCC/FCC — A15 with increasing the solvent selectivity is often induced by the fact that a greater
degree of the interfacial distortion from a round into the polygonal shape in order to relax the stretching penalty for
the B arms on the outside domains. On the other hand, as to the B-formed spheres, we do not observe any stable
region of the A15 phase, but only BCC and FCC. This is mainly attributed to the tension of the highly stretched B
within the inner domains, thus the AB interface tends to preserve a more spherical shape. In this case, we observe
similar solvent effects on the stability of BCC and FCC packed spheres, as those in the AB linear diblock solutions.

I. Introduction

Due to its variant self-assembling behavior, block copolymers
are widely applied in many nanotechnologies, such as photonic
and biotechnological applications." One of the major methods
in controlling the morphological patterns is to dilute a block
copolymer with solvents. Recently, with the improvement in
synthetic techniques, copolymers with more complex forms of
molecular architectures or with more than two types of mono-
mers have been successfully formulated. This development leads
to a rich variety of more fantastic morphologies, which may yield
significant advances for block copolymers in novel techno-
logies and applications. Thus, a greater understanding of how
to control the phase behavior of copolymers with more complex
architectures in both bulk and solution continues to be an
attractive and important issue.

Miktoarm star copolymers, shown as in Figure 1, are one of
the molecular architectures that have attracted a lot of attention.
There have been some experimental’ ® and theoretical'*~'®
studies related to the morphological behavior in the melt. A
systematic review of the theoretical results has been given by
Grason."® Theoretically, Olvera de la Cruz et al.'” were among
the first to examine the stability criteria of microstructures
formed by star copolymers. They found that a simple graft AB,
copolymer is more difficult to microphase separately than a linear
AB copolymer due to the greater change of entropy loss asso-
ciated with the disorder-to-order transition. Milner et al.''?
applied the strong segregation theory (SST) to construct the
phase diagram of A,,,B, miktoarm star copolymers in terms of the
composition and the asymmetric parameter & (= (n/ng)(Ia/l5)"?),
where n; and /; are the number of arms and characteristic
length of component I, respectively. The length parameter /; is
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defined as /= VI/RIZ, where V7 and R; correspond to the
molecular volume and the radius of gyration of the respective
blocks I. It is reported that at the same composition, varying the
asymmetric parameter € can trigger the evolvement of various
microstructures. For instance, when the A composition = 0.5,
increasing the number of B arms in the AB, miktoarm star
copolymers is analogous to decreasing f, and thereafter a series of
transition from lamellae (L) — gyroid of minority A (GA) —
hexagonally packed A-formed cylinders (CK*X) — A-formed
spheres (S4) is expected. This is reasonable since the component
with more arms experiences more lateral crowding and becomes
more stretched; it tends to remain on the outside domains. Grason
and Kamien'* employed the self-consistent mean-field (SCMF)
theory to construct the phase diagram of AB, miktoarm star
copolymers in terms of /' and yagN (xap is the Flory—Huggins
interaction parameter between components A and B, Nis degree of
copolymerization). Compared with AB linear diblock copolymers,
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Figure 1. Schematic representation of the model A,,B,, miktoarm star
copolymers. A length parameter along the copolymer chain, s, is defined
starting from one of the free ends of A. gc(F,s) and g (F,s) represent
the end-integrated distribution function in a “forward” and “backward”
diffusion pathway, respectively. When s; < s < 55, ¢c(.s) accounts for
the probability that m A-arms and n — 1 B-arms have diffused to the
junction point of s = s; (shown as the dashed lines), and then continues to
diffuse along one B-arm (shown as the solid line) to the position 7 at s.
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Figure 2. Schematic plot of all possible microstructures formed by the
A,,B, miktoarm star copolymers.

AB,, miktoarm star copolymers form similar ordered structures,
such as lamellae (L), gyroid (G), hexagonally packed cylinders
(CHMEX), and spheres (S), which are also mainly dominated by
the composition. All possible microstructures formed by AB,
miktoarm star copolymers are schematically plotted in Figure 2.
However, they discover two significant differences. First, the phase
diagram is no longer symmetric about /' = 0.5 and shifts toward
> 0.5. That s, the stability of microstructures with B blocks in the
major domains is enhanced as the number of B arms » increases.
This effect of molecular asymmetry on the shifting degree of the
phase diagram reaches a limit when n > 3. Second, in addition to
the commonly seen spherical packing order of body-centered
cubic (BCC) arrays in block copolymers, a significantly stable
reglme of A15 packing array of A-formed s Cpheres exists, illustrated
as in Figure 2, between CRE* and S in the AB, miktoarm
star copolymers A simple way to manifest this fact is to treat
each spherical ordered phase into the corresponding polyhedral
Voronoi cell.""'® Generally speaking, there should be many ways
for the copolymer chains to distribute and occupy the whole
Voronoi lattice. One is to form a spherical AB interface, as
frequently observed in the AB linear diblock copolymers. How-
ever, with an increase in the asymmetric degree of molecular
architecture (i.e., increasing the number of B arms) and/or the
composition of A, the AB interface tends to distort and reach the
shape of the polyhedral Voronoi cell in order to relax the stretchmg
penalty for the majority B-arms on the outside domains.'* When
considering the limited case that the AB interface adopts the same
shape of the Voronoi cell, the minimization of free energy in the
strong segregation limit ledds to the stability of the A15 phase."
On the other hand, as the composition of A decreases, the
A-formed minority domains become more spherical. Thus, they
prefer to pack into the BCC lattice, which has been known as the
most stable order for many soft spheres to minimize the cost of the
chain stretching (overlapping) energy of the outer domains.
Basically, these theoretical results are in good agreement with
experlmental results, except in the stability of spherical packing
order.’™® Experimentally, neither the A15 nor the BCC lattice of
spheres has been identified in melts of the miktoarm star copoly-
mers. Indeed, Pochan et al.® reported that the spheres formed by
polystyrene (PS)-polyisoprene (PI), miktoarm star copolymers
tend to be poorly ordered. It is hard to distinguish between
each possible ordering (simple-cubic, BCC and AlS, ...) from
only a few weak peaks of small-angle X-ray scattering profiles.
Though the A15 phase has not been identified in the miktoarm
copolymers experimentally, it has been observed in other com;z)l
architectures, such as dendrimer'® 2" and amphiphilic surfactant”
systems.

Huang and Yang

As many of the block copolymer systems with valuable
technological applications involve the presence of solvents, the
associated solvent effects on the morphological behavior need to
be considered. In AB linear block copolymer solutions, a wealth
of lyotropic and thermotropic order—order transitions (OOTs)
and order—disorder transition (ODT) have been extensively
studied. One of the significant results associated with the addition
of one solvent is the formation of the so-called “inverted” phases,
where the longer blocks form the minor domains. Upon increas-
ing the solvent selectivity and/or solvent amount, the formed
inverted spheres tend to pack from BCC into FCC. When
considering the effects of solvent addition on the miktoarm
copolymers, phase behavior becomes more complicated, since
the A 15 spherical phase has to be considered in competition with
both BCC and FCC. Yet, a systematic examination of the effects
of one solvent in transforming the melt phase behavior for
miktoarm star copolymers has not been explored both experi-
mentally and theoretically. Herein, we employ the SCMF theory
to study the phase behavior of AB, miktoarm star copolymer in
the presence of a solvent. We adopt the Fourier space implemen-
tation of SCMF the:ory,28 which can resolve the small differences
of free energy between possible ordered phases. The model is
formulated essentially by an extension of a multiply branched
copolymer, which is constructed by Grason and Kamien,'** in
the presence of one solvent in a canonical ensemble. For simplic-
ity, we restrlct consideration to the phases of L, CHEX §A13 §BCC,
and SYC, in order to construct the phase maps. Other possible
complex phases such as the gyroid (G) and perforated layers
(PL), which have been frequently observed between L and CHEX |
are not examined here. Moreover, we ignore the possibility of the
disordered micellar regime as part of the disordered phase. That
is, the disordered phase in our approach is simply the homo-
geneous state. We first choose the simplest architecture of
miktoarm star copolymer, AB,, as a model system, and system-
atically investigate how the morphological transition behavior is
affected by solvent selectivity, copolymer volume fraction ¢, and
copolymer composition /. We then examine the effects of molec-
ular asymmetry (i.e., number of multi-B arms 7) on the formation
of microstructures in the presence of a selective solvent. In
addition to the ordered phases, the systems with lower values
of copolymer volume fraction when the solvent selectivity is large
may undergo a macrophase separation into two phases rich in
the solvent and copolymer, respectively, which is, however, not
our current concern. We thus use the Flory—Huggins thermo-
dynamic analysis to locate the binodal coexistence curve between
2 disordered phases, for simplicity.>® All the systems discussed
later are chosen within the one ordered phase region.

I1. Theory

We use a canonical ensemble approach and consider a mono-
disperse A,,B, miktoarm star copolymer in the presence of a
solvent S with average volume fractions ¢ and 1 — ¢, respectively.
The degree of copolymerization is N and A-monomer fraction in
the copolymer is f. Each copolymer chain is composed of m
identical arms of the A-block and n identical arms of the B-block
at a common junction point (see Figure 1). Accordingly, each
A-arm and B-arm has fN/m and (1 — f)N/n monomers, respec-
tively. We assume that the system is incompressible both locally
and globally, and each monomer type has the same statistical
segment length A. The local interaction between each pair of
monomers [ and J is quantified by the Flory—Huggins interaction
parameter x ;.

In general, the concentrations of A and B components at a
given spatial position 7, ¢A(i") and ¢g(i”), are attributed to the
diffusion of each A and B monomer along the chains, respec-
tively, into the spatial position 7. To consider the contribution
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from the chain diffusion, we define a length parameter along the
copolymer chain, s, so that there are (As) N monomers within any
chain interval of length As. We assume that each identical A-arm
starts from s = 0 and terminates at the A—B junction point, s =
s1, and each identical B-arm ranges from s = s; to the free end,
s = sp. [tisclear thats; = f/mand s, = flm + (1 — f)/n. In order
to solve the concentration profiles as well as the free energy in the
equilibrium state, we begin with solving the copolymer partial
partition functions, gc(7,s) and ¢&(7,s). We define go(7,s) as the
end-integrated distribution function, which is proportional to the
probability that the chain portion of sN monomers diffuses from
one of the free ends of the A-block, s = 0, to the spatial position i
(referred as “forward” direction). While ¢&(7,s) computes the
probability that the chain diffuses in the “backward” direction
from one of the free ends of B-block, s = s,, to the spatial position
7 ats. In further detail, when 0 < s < sy, gc(7,s) simply represents
the probability that a single A-arm is diffused from the free end at
s = 0to 7 ats. But when s; < s < sy, gc(7,5) accounts for the
probability that m A-arms and n — 1 B-arms have diffused from
s = 0ands = s,, respectively, to the junction point of s = s, and
then continues to diffuse along one B-arm to the spatial position
7 at s (see Figure 1). To summarize the above definition, ¢c(7,s)
can be written as follows,

qc (T’ S)

when 0 < s < 51

[ & 0c.0)
/d?l Oc (i, 517, 8) g (r, sy )" gd (Fl,sfr)]”_l when 51 < s < 59

1)

where Qc(,5:7%57) is the so-called chain propagator, which
represents the distribution probability of the chain from mono-
mer s; at the spatial position 7; to monomer syat ryin the presence
of the external field w("). In eq 1 ¢gc(ry, s7) is the limit of the
function as s approaches s; from the A-arm; while g&(7;, s7) is
computed by taking the limit s — s; from the B-arm. Similarly,
g&(7,5) can be expressed in the following equation:

q¢ (7.s)
/ 0F, Qc(Fp 5257, 5)
/d?l Oc(Fy,s1:7,8) [ s gt (Frosi )" when 0 < s < s
(2)
Because g¢(7,s) and g " (7,s) are defined in terms of the chain

propagator Qc(7;,5:775y), they satisfy the following modified
diffusion equations:

when 51 <5< 859

1 ~ . .
. - NbQVZqC(r,s) —wa(F)ge(r,s) f0<s<s
dqc(r,s) )6

& % NEV2ge (7, 5) — on(F)ge(Fos) if s < s < 5
3)
3 aqc (7, s)
as
éNbZVqu (Fos) —wa(F)gl (Fos) if0<s<s "
= 4

1 - 4 .
6 NB*V2ql (F,5) — wp(F)gd (Fs) if s1 <5< 50
where wa (") and wg(i”) represent the external fields acting on
the A segments and B segments along the copolymer chains,
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respectively. The boundary conditions for gc(7,s) and g&(77,s) are
given by

)
) = lgclosy ) lad Gosp )" (5)

qc (Fosr) =1
- _ - —\im—1 o 7
qc (Fosy ) = lac(osy )" lad (Fos )"
The total partition function for a single miktoarm copolymer

chain Qc is found by integrating all possible configurations for
the chains subject to the external fields and thus equal to

(6)

Oc = Il//VCW(JC(?,S = 57) (7)

For the solvent particles, we adopt the previously established
formalism in the AB linear block copolymer solutions.>’ The
partition function Qg subject to the field (") is simply equal to

05 = 5 /V 0F exp [_—sz(?)} ®)

which indeed can be rewritten as

Os = %/VdFQS (7‘53 = %) 9)

where gs(i",s) satisfies

BU9) . — P as(7. 9 (10)
s
with the initial condition ¢(r,s = 0) = 1.

For arbitrary volume fraction profiles of each component,
(r); T=A, B, S, which depend on the segment distribution
functions subject to the external fields wy(i); I = A, B, S, the free
energy per molecule F is given by’

LN 1] B
T — ¢ln{¢] (1 ¢7)Nln{

Qs}
1-9

~ [ FloABA )+ onPIon) + 057
I NG IGEPAUNG NG

+psN OIS+, | FHPIOAG) +00(7) () 1
(1)

where (i) is the effective pressure field to ensure the local
incompressibility of the system. On the basis of the minimization
of the free energy in eq 11 with respect to ¢;(i") and w;(7"); I = A,
B, S, the external fields and the volume fraction profiles have to
satisfy

WA (F) = ws(r) = xapNeg(r) +xasNos(7)
— XasNoa(F) — xpsNop(r)

wp(r) —s(r) = gapNoA(F) +xpsNobs(7)
—XasNoA(r) = xpsNog(r)
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oa(r) = o= [ dsqc(r.s)gl (7))
Oc Jo

ou(r) = 2 / ds gc(F, 5)ad F.)

Oc J.

_ 1Q_S¢ gs(Fos = 1/N)

— ws (7)

Pa(F) +¢p(r) +os(r) = 1 (12)

For a disordered state, the volume fractions ¢;(i") and the fields
(i) are constants, I = A, B, S. The partition functions are
simply Oc = exp(— fwa — (1 = f)wp) and Qs = exp(—ws/N). As
a result, eq 11 is reduced to the Flory—Huggins mean-field free
energy functional per molecule in the disordered state, i.e.

F
k B Tdisorder

= ¢+ (1—¢)NIn(1—¢)+/(1—/)yapNe’
+fAasNd(1 = @) + (1= f)xps No(1 — ¢) (13)

As only one characteristic size is involved with the periodic
morphologies concerned here, it is most efficient to perform the
SCMF calculations using the Fourier-space algorithm. That is,
any given function, g(i"), is expressed in terms of the correspond-
ing amplitudes, g;, with respect to a series of orthonormal basis

function f;(i")
«0) = g
j

The basis functions reflect the symmetry of the ordered phase
being considered and are selected to be eigenfunctions of the
Laplacian operator

V() = = LL7() (14)

where L is the lattice spacing for the ordered phase. The basis
functions are ordered to start with f;(;") = 1 such that ; is an
increasing series. For lamellae f(x) = 212 cos(2n(j — l)vc/L)
j = 2, where x is the coordinate orthogonal to the lamellae. Basis
functlons for the phases with other space-group symmetries can
be found in ref 32. Note that the number of basis functions varies
with the ordered phase and the segregation degree. In any case,
the sufficient number of basis functions has to be included in our
computations in order to ensure that the results reach the
equilibrium values.

Next, we give the resultant Fourier-space implementation of
the SCMF calculations. When the amplitudes corresponding
to the basis functions are utilized, eqs 3, 4, and 10 for solving
qc(7,s), g&(F,s), and gg(7,s) become

ZA:‘/'QC,/' fo<s< S1

. 7
% - i=1,23.. (15
s ZBiqu,j if 51 <8< 89
7
= 2 dijgl,; H0<s<s
dac.; / i = 1,2,3 16
LA 1=1,2,3,..
& (16)

— ZBU-qaj if 57 <5< 89
j
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qu,i )
o — ;Ciqu,j i=1,2,3,.. (17)

The matrices 4y, By, and Cj; are given by

i

Nb?
4j = —em 2i0i = > oa kT
k

Nb?
Bj = =3 A0~ > op T
%

z/ = ZU)S kruk (18)

with
T = | AP

WAk Opk and wsy are the corresponding amplitudes with
respect to the kth basis function for fields wa(), wg(i"), and
ws("), respectively. The initial conditions for solving eqs 15—17
are gc (s = 0) = . g, (5 = 82) = O,and gs (s = 0) = ;1. In
addition, the corresponding amplitude with respect to the ith
basis function for ¢c(7',s) and g " (7,s) at the junction point of
s = s; is determined by

qc,i(s,") /dr qe(r,sy )" lgé (FosH)"™ ft( ) "

W) = 7 [ O lacs) " Fos A

Once the amplitudes of ¢c(7,s), g&(7,s), and ¢s(7,s) are solved,
the amplitudes of the volume fraction profiles and external fields
of each component can be obtained as follows

¢ Ayi = Zryk/ déqu qC k()

f]c1sz

"o Zruk/ ds gc,j(s qu()

C]c152

¢ R e <l)
S,i — qS,l(l/N) qs,i N

Ga,it+ ¢, i+ ¢s,; = O

,l

WA, i~ ws,i = YapNPp, i +XasNds i —XasNPa,i — xpsN¢s,
B, ~0s,i = YagNOA,i +AssNbs, i — XasNOA,i — XsNPs,i
(20)

The free energy per molecule F is thus given by

qc,1(52) B o [98.1(1/N)
¢1{ : } (1= gN | B0

- Z(CUA, iPa, i+ WB,ipp, i + s, ips ;)
7

kBT

+ Z(XABN‘pA, P8, i T XasNOA, ibs, i + xpsNog, ibs, i)

i

(21)
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Figure 3. (a) Plot of the free energy term in eq 21 versus the lattice
spacing L for an AB, miktoarm copolymer melt to form a lamellar
phase at f = 0.5, N = 150, and yagN = 40. (b) Comparison of the
free energy between lamellae (L) and hexagonally packed A-formed
spheres (CNFX) at various values of composition f for AB, copolymer
melt when N = 150 and yagN = 40.

For a periodic ordered phase, the free energy has to be mini-
mized with respect to the lattice spacing L. For example, in Figure 3a
we show a typical plot of the free energy term in eq 21 versus
the lattice spacing L when an AB, miktoarm copolymer melt
is assumed to form a lamellar phase at f = 0.5, N = 150, and
2agN = 40. Similarly, the minimum values of the free energy with
respect to the lattice spacing L for other possible phases can be
obtained. Then, to determine the most stable phase one has to
compare free energies of possible phases. In Figure 3b we compare
the free energies of two typical ordered phases of L and CHEX
as an example to determine the most stable phase at various
values of composition f for AB, copolymer melt when N = 150
and yapN = 40. It is clear that the phase boundary between
L and CXF* occurs at f = 0.485.

I11. Results and Discussion

In order to examine the solution phase behavior of AB,
miktoarm star copolymers, we first choose AB, with N = 150
and yagN = 40 in the presence of a B-selective solvent S with the
interaction parameters yas=0.7 and yps=0.4. Figure 4 presents
the corresponding phase map in terms of f'and ¢. As expected,
when the solutions are concentrated, the formation of equilibrium
morphology is mainly dominated by the composition f, similar to
that in the AB, copolymer melt."*
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Figure 4. Two-dimensional phase map as a function of fand ¢ for an
AB; star copolymer solution with N = 150, yagN = 40, yas = 0.7, and
XBS — 40.

As the solutions become less concentrated, due to the fact that
the S solvent prefers the B block and acts in a manner that
corresponds qualitatively to reducing the A composition, the
formation of A-formed cylinders as well as spheres is expected
even for £ > 0.5. It is interesting to find that a region of S¥¢¢
always occurs near the ODT in the phase diagram. When f'is
small, this ordered S regime is very narrow, as observed in
both the AB linear and AB, miktoarm copolymer melts. When
considering the disordered micellar structure as part of the
disordered phase, the FCC packing is likely to disappear in the
copolymer melts.**** Accordingly, as it has been discussed in the
AB, miktoarm copolymer melt, a spherical ordering of BCC or
Al5 is favored over FCC when the minority block forms the
spheres in the solutions. However, as f increases to >0.5 so that
the majority A blocks form the spheres when ¢ is small, the
corona layers become thinner with increasing f. This enables the
spheres to adopt a more dense packing order such as FCC. Thus,
we observe a significant expansion of the ordered SK°“ regime
near the ODT with an increase in the composition of unfavorable
A blocks / (Figure 4). Furthermore, the stable S5 and SA"°
regions are reduced and even disappear with an increase in f,
indicating that the so-called inverted spheres formed by the
majority blocks (i.e., with smaller corona layers) prefer a more
dense FCC over a BCC or A15 packing. Note that due to the
immiscibility between A block and solvent, a macrophase separa-
tion into an AB, copolymer-rich phase and a S-rich phase occurs
when /> 0.5 and ¥ < 1. For simplicity, we use the Flory—
Huggins thermodynamic analysis to locate the binodal coexis-
tence curve between 2 disordered AB,-rich and S-rich phases.

Next we would like to examine the effects of solvent selectivity
and solvent amount on the microstructure formation of AB,
miktoarm star copolymers. For this purpose, two types of
A-selective and B-selective solvents are respectively added into
the AB, copolymer with /< 0.5 and f > 0.5, respectively.
Accordingly, there are four possible types of microstructures,
A-formed normal, A-formed inverted, B-formed normal, and
B-formed inverted structures. We first choose an AB, with

f=025and N = 150 so that the minority A component forms

the spheres, which adoptsa BCC (21.9 < yagN < 26.2) and then
A15 packing order (yagN > 26.2). By adding a B-selective
solvent (yas = ygs = 0.4), we can see how the packing order of
these A-formed normal spheres is affected. Parts a—c of Figure 5
display the two-dimensional phase maps in terms of yAgN and ¢
when yas = 0.4, 0.7, and 0.75, respectively. As it is shown in
Figure 5a, when a neutral and good solvent (yas = yps = 0.4) is
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Figure 5. Two-dimensional phase map in terms of ¢ and yagN for an
AB; star copolymer solution with f = 0.25and N = 150 at a fixed value
of ygs = 0.4 and yas = (a) 0.4, (b) 0.7, and (c) 0.75, respectively.

added to this asymmetric copolymer atyagN > 26.2, a sequential
lyotropic transition from S4'* — S§°C (—SK““) — D is observed.
Based on the fact that the incompatibility between the A and B
blocks is reduced by the presence of a neutral and good solvent,
this lyotropic transition is analogous to the thermotropic transi-
tion by decreasing the yAgN value in the melt phase map at a fixed
f = 0.25. When the solvent S becomes B-selective, since it prefers
the B blocks and thus expected to partition into the B-rich domains,
the same transition trend as that in the melt by decreasing the
/ composition from Sx'° — SEC (—SK““) — D is also expected.
When the selectivity of the added solvent increases to yas = 0.7
(Figure 5b) or 0.75 (Figure 5c), we observe that though each
ordered regime is enlarged slightly, the phase transitions are similar
to those in the neutral solutions.

In examining the solvent effects on the formation of A-formed
inverted structures, we choose an AB, with /' = (.6 in the presence
of a B-selective solvent S. In particular, we set ygs equal to 0.4 and
vary yas = 0.4. Figure 6 displays the resultant phase map
as a function of yas and ¢ for AB, copolymer with /' = 0.6 and

Huang and Yang
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Figure 6. Two-dimensional phase map asa function of ¢ and yas foran
AB, star copolymer solution with f = 0.6, N = 150, ygs = 0.4, and
XABN = 40.

N = 150 at yogN equal to 40. As it is expected, upon dilution by
adding a B-selective solvent (i.e., decreasing ¢), a sequence from
L — CUEX — g5, — D is observed. More interestingly, the
packing order of A-formed spheres is dependent on the solvent
selectivity. When the selectivity of the added solvent for B is not
significant enough (such as yas < 0.68 here), these A-formed
spheres prefer the BCC packing. But, they tend to move toward
into A15 or FCC array with increasing the solvent selectivity and/or
dilution. The transition mechanism of S®““ — S¥°“ induced
by increasing the solvent amount/solvent selectivity has been
proposed in the AB linear block copolymer solutions.**** Pre-
viously, we have theoretically shown that for the spheres formed
in the slightly selective solvent, though the solvent partitions
preferentially to the matrix domains, there still remains a con-
siderable amount of solvent inside the cores.*® Furthermore, not
100% copolymer chains aggregate to form the micelles. Conse-
quently, the intermicellar interactions become softer and thus
these spheres adopt a BCC array. Upon increasing the solvent
selectivity, though more solvents are expelled from the core which
may cause a decrease in the micellar diameter, the fact that more
free chains remaining in the matrix are driven to aggregate into
the spheres enables an increase in the spherical diameter. As a
result, these formed spheres become more impenetrable and
adopt a FCC lattice. In further, the increase in segregation to
minimize the unfavorable A—S interactions enables a decrease in
the interfacial width between domains and consequently the area
per chain. This requires an increase in chain stretching normal to
the interface, resulting in an increase in the size of the matrix
domains. When extended to the case of AB, copolymer solutions,
one should consider that when more chains aggregate to form
cylinders or micelles upon increasing the solvent selectivity, this
chain stretching penalty for the B-arms on the matrix domains
becomes more significant. Thus, a greater degree of the interfacial
distortion from a round into a polygonal shape is accompanied in
order to relax the stretching penalty for the B multiarms on the
outside domains. As it can be seen clearly in Figure 7a, where we
display the corresponding spherical patterns when yas varies
from 0.69 (S5°C) to 0.8 (SA"°) for AB, copolymer solutions with
f=0.6, N = 150, yagN = 40, ygs =0.4, and ¢ = 0.2, all the
A-formed spheres are round-like when they pack into a BCC
ordering, but they become oblate-like on the faces of the Pm3n
unit cell when they pack into an A15 array. Each oblate spheroid
is characteristic of the equatorial diameter b larger than the polar
diameter ¢, as it is shown in Figure 7a. Here we define the
interfacial shape parameter o as the ratio b/c to quantify the
degree of the distortion of the AB interface. Figure 7b plots the
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Figure 7. (a) Density plots of the A-formed spherical patterns in a BCC
and A15 ordering, respectively, for an AB, star copolymer solution with
f=0.6,N=150,¢ = 0.2,xaN = 40, ygs =0.4, and ys equal to 0.69
and 0.8, respectively. (b) Variation of the interfacial shape parameter a
with yas for the solutions as in part a.

corresponding value of o as a function of y s for the solutions in
Figure 7a. As expected, with increasing the solvent selectivity
(xas), the interfacial shape parameter o is very close to 1.0 in
the SR“C ordered phase; it then significantly jumps to a larger
value and keeps increasing in the S} > phase. On the basis of the
fact that the AB interface experiences a greater degree of distor-
tion into the polygonal Voronoi cell upon increasing the solvent
selectivity for the B multiarms on the matrix domains, it is
reasonable to observe that both the CHEX and SA" ordered
regimes are greatly enlarged with ys.

If we choose the same AB, copolymer system as in Figure 6
(f = 0.6, N = 150, and yogN = 40) but in the presence of an
A-selective solvent (ygs > yas = 0.4), the resultant microstruc-
tures are thus formed by the minority B-arms, i.e., B-formed
normal structures. Asitisshown in Figure 8, where we display the
corresponding phase map as a function of ygg and ¢, a transition
of L — CHEX — S — D occurs with increasing dilution. Due to
the fact that the multi B-arms experience more lateral crowding
than the linear A block, they need more space to get stretched and
thus hard to be confined within the minor domains. Hence, we
observe a significantly large region of the ordered lamellae.
Moreover, when the B-arms curl to form the spheres, the tension
of the highly stretched inner domains prefers a more spherical
interface than a polygonal interface. Accordingly, the A15 phase
is not stable here. The fact that these B-formed normal spheres
prefer the BCC packing and move toward into a FCC array with
increasing the solvent selectivity and/or dilution is simply attri-
buted to the same solvent effects as in the AB linear block
copolymer systems. Even when the copolymer composition f
decreases to <0.5 so that the corona layers for these B-formed
inverted spheres become thinner, we still do not find any stable
region of the A 15 phase. Only the FCC packing is observed. As it
is displayed in Figure 9, where we plot the phase map as a func-
tion of ygs (xas = 0.4) and ¢ for AB, copolymer with f'= 0.4 and

Macromolecules, Vol. 43, No. 21, 2010 9123

[ n " 1 " 1 " 1 n 1 n 1 n 1 n
01 02 03 04 05 06 07 08 09 1.0

Figure 8. Two-dimensional phase map as a function of ¢ and yg for an
AB; star copolymer solution with = 0.6, N = 150, yagN = 40, and
zas = 0.4.
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Figure 9. Two-dimensional phase map as a function of ¢ and ygg for an
AB, star copolymer solution with /= 0.4, N = 150, yapN = 40, yas = 0.4.
N =150 at yagN equal to 40, a sequential transition of CHEX
L — CHEX —GECC — D occurs upon dilution.

So far, with the simplest miktoarm copolymer of AB, as a
model system, we have illustrated the significant effects of solvent
addition on the resultant morphological behavior. Now, we
extend our study to AB, copolymers, and investigate whether
the formed microstructure type is strongly dependent on the
number of B arms, n, at the same composition f'and degree of
copolymerization N. Here we also include the results for AB
linear diblock copolymer (n = 1) as a comparison. Figure 10a
presents the two-dimensional phase map in terms of n and ¢ for
an AB, copolymer with/'= 0.25and N = 150 at yogN equal to 40
in the presence of a B-selective solvent by setting ygs = 0.4 and
xas = 0.7. Itisclear that in the concentrated regime when 7 varies
from 1 to =2, the ordered region of CHFX is replaced by Si'°. This
reflects the fact that the presence of the component with more
arms (B) on the outside domains is enhanced when the molecules
vary from a linear to an asymmetric miktoarm architecture;
moreover, the AB interface tends to distort and reach the
polyhedral shape in order to relax the stretching penalty for the
multi B-arms. When n > 2, the same lyotropic transition from
SAlS — SBCC — §RCC — D occurs, as we have explained in



9124  Macromolecules, Vol. 43, No. 21, 2010

@ 5

Huang and Yang

@ 3

-------W
1

@

w

o

SFC(;/;/:’ :I
A Lo
dop e
. Wi
l’lr/ BCCE
LSKT
2_ 17 I*\\ 7
VA RN
1 1 I .‘” I -(Il 1 1 1\\‘
0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1.0
(b) S
Fce| :
Sl i e
ite s : —
Als b '
S ¢, L
p 3te s : :
20¢ ¢ r ]
Bec| 1/
siel S
1 é.éa Lol 1 L 1 1 L L
0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1.0

¢

Figure 10. Two-dimensional phase maps in terms of ¢ and n for AB,
star copolymer solutions with N = 150, yagN = 40, yps =0.4, and
(a)f = 025, YAS = 07, (b)f: 06, XAS = 0.75.

Figure 5 (n = 2). In a further comparison of the phase boundary
between each spherical order as a function of n, we find that the
ordered S4' region does not change significantly with ¢ and n,
indicating that even when cutting the B component into more
arms, the formed polygonal interfaces seem to saturate at this
level of segregation. However, the stability of Sk“ near the ODT is
greatly enhanced by suppressing the S3- region with an increase in
the molecular asymmetry (i.e., n). This can be rationalized by
considering that at a fixed value of f = 0.25 and the same chain
length, when the number of B-arms 7 increases from 1 to 4, the
composition of each B-arm decreases from 0.75 to 0.19. To clarify,
these A-formed spheres when n = 1—2 are the normal ones with
thicker corona layers, which are likely to pack into BCC array;
while they become inverted with thinner corona layers when n
increases to 4—>5 and thus tend to adopt a more dense packing of
FCC. If we choose a copolymer with longer A blocks (i.e., /> 0.5)
in the presence of a B-selective solvent so that the A-formed spheres
even when n = 1—2 are inverted, it is reasonable that the effect of
varying n on the stability of FCC packing, as we have observed in
the case of smaller f; disappears. For example, in Figure 10b, we
plot the phase map as a function of n and ¢ for an AB,, copolymer
with /= 0.6 and N = 150 at yogN equal to 40 in the presence
of a B-selective solvent by setting yps = 0.4 and yas = 0.75. Each
ordered region of L, CREX, SA15, and SK°C remains almost un-
changed with n and ¢. Finally, we examine how the resultant phase
behavior of AB, miktoarm star copolymer in the presence of one
A-selective solvent is influenced with 7. Parts a and b of Figure 11
display the corresponding phase map for f = 0.4 and 0.6,
respectively, and the same N = 150, yagN = 40, yas = 0.4, and
s = 0.7. When the copolymer varies from a linear to a miktoarm
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Figure 11. Two-dimensional phase maps in terms of ¢ and n for AB,,
star copolymer solutions with /= (a) 0.4 and (b) 0.6, N = 150, yagN =
40, XAS — 04, and ABS — 0.7.

architecture, since the multi-B arms prefer less to be confined within
the minor domains, we observe a significantly large region of the
CHEX and/or L, and thus only a small region of the B-formed
cylinders and spheres. When increasing the number of B arms n, we
observe similar phase transition behavior induced by solvent
amount and solvent selectivity. However, increasing the number
of B-arms 7 has a similar effect on the enhancement of the stability
of the ordered phases, where the B-arms remain on the matrix
domains. Thus, we observe that the Ci "~ region slightly expands
with 7z in Figure 11a.

IV. Conclusions

We have employed the Fourier space implementation of self-
consistent mean-field (SCMF) theory to examine the phase
behavior of AB, miktoarm star copolymers in the presence of a
solvent. In particular, we focus on the effects of solvent selectivity,
copolymer volume fraction ¢, A composition f, and molecular
asymmetry (in our case, the number of B-arms per molecule).
Generally speaking, the significant effects associated with the
addition of one solvent on the AB linear diblock copolymers, as it
is reported in literatures, have also been observed on the AB,
miktoarm star copolymers.

When the solvent is selective for the multi-B arms, a series of
transition from the equilibrium phase in the melt into the
A-formed spheres occurs upon dilution. This is analogous to
decreasing the composition f in the melt case. Three packing
arrays of A-formed spheres, A15, BCC, and FCC, are possible. If
f < 0.55s0 that these A-formed spheres are the normal ones, they
tend to adopt the A15 and then BCC ordering before entering
into the disordered region. When f'increases to >0.5 so that the
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A-formed spheres become inverted, a more dense packing of
FCC is quite possible in addition to A15 and BCC. Similar to the
AB linear diblock solutions, FCC is more favored than BCC
upon increasing the solvent amount and/or solvent selectivity.
Moreover, we find that when more AB,, chains aggregate to form
cylinders or micelles upon increasing the solvent selectivity,
a greater degree of the interfacial distortion from a round into
the polygonal shape is often accompanied in order to relax the
stretching penalty for the B arms on the outside domains. Hence,
we observe a transition of BCC/FCC — A15 with increasing the
so}ll\}/ze)?t selectivity, and a significantly enlarged region of S4'> and
Ca .

On the other hand, in the A-solvent case, a series of transition
into the B-formed spheres is induced upon dilution. Since the
multi-B arms experience more lateral crowding than the linear A
block and thus prefer less to be confined within the minor
domains, we observe a narrow region of the B-formed cylinders
and spheres. Furthermore, because of the tension of the highly
stretched B within the inner domains, the AB interface tends to
preserve a more spherical shape; thus we do not observe any
stable region of the A15 phase, but only BCC and FCC for the
B-formed spheres.

Finally, based on the fact that increasing the number of B-arms
n enables the B component preferable to stay on the matrix
domains, the stability of the A-formed cylinders and spheres is
enhanced with increasing n. Moreover, when a B-selective solvent
is added to AB, with shorter A blocks, since the A-formed
spheres become more inverted with increasing n, we observe a

significantly enlarged region of the S5 by suppressing the S5°C.
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