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ABSTRACT: This paper examines binary blends of homopolymer with diblock copolymer, using numerical
self-consistent field (NSCF) theory. On the basis of the general formalism, we identify the minimum
number of characteristics of a blend needed to predict its equilibrium morphology and domain sizes. We
then specialize to the case of A homopolymer added to A-b-B copolymer and carry out a series of NSCF
calculations of the effects of solubilized homopolymer and its distribution throughout each domain. We
present a detailed analysis of when the added homopolymer induces an increase or decrease in the domain
thickness, compare strong and weak segregation behavior, identify the dominant controlling characteristics
and the underlying physics, and make quantitative comparison with experiment. Many of the results
are captured in a simple equation. We also suggest a procedure for determining y parameters.

1. Introduction

There has been a great deal of experimental and
theoretical work on the equilibrium phase behavior and
detailed structure of block copolymers. The behavior
exhibits many features that are common to different
species and architectures, with relatively minor varia-
tions among different systems. Some of the extensive
literature is cited in refs 1 and 2.

There is now good agreement between the observed
microphase behavior and that predicted by numerical
self-consistent field (NSCF) theory, with some discrep-
ancies remaining near the microphase separation tran-
sition (MST) where the system is weakly segregated.®*
In addition to the overall, common behavior, the differ-
ences among systems can be understood on the basis of
architecture and the compositional and conformational
asymmetry of the molecules.>® The discrepancies be-
tween theory and experiment in weak segregation may
be due to fluctuation effects which have not yet been
incorporated in NSCF theory.”

Blends of copolymers, with solvent, homopolymer, or
both, offer a rich field of inquiry. They can be single- or
two-phase, and each phase can be disordered with all
constituents distributed randomly throughout, or or-
dered. An ordered phase can correspond to any of the
many observed structures, i.e., lamellae, cylinders,
spheres ordered on a lattice, or one of the more complex
structures. Another possibility is spheres distributed
randomly through the phase.

Concentrated solutions of copolymer in nonselective
good or © solvents and in selective solvent have all been
treated using NSCF theory.8~10 The case of dilute
solutions is more complex, where swelling effects need
to be included.'>1? There have also been some NSCF
calculations on copolymer/homopolymer blends,13-18
while other theoretical approaches have been used for
weakly segregated systems, i.e., near the copolymer
MST.

When small amounts of homopolymer are added to
neat copolymer, the added homopolymer can be solubi-
lized within the phase. This has been examined in some
detail for A homopolymer added to weakly segregated
A—B copolymer lamellae.19-2! Relatively low molecular
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weight homopolymer tends to destabilize the micro-
phase and to reduce the equilibrium layer thickness.
Relatively high molecular weight homopolymer has
opposite effects: up to the solubilization limit, it further
stabilizes the microphase and causes the layer thickness
to increase. In fact, when relatively high MW homopoly-
mer is added to copolymer which is homogeneous but
near the MST, it can induce ordering; this phenomenon
is known as induced microphase separation.1?20.22

In ref 21, Banaszak and Whitmore developed a theory
of these blends which combined a fourth-order expres-
sion for the free energy with a nontrivial model of the
density profiles. Comparisons of this type of approach
with NSCF theory for neat copolymer suggest that it
should be a good approximation as long as yN¢ < 15,
where y is the Flory interaction parameter and Nc is
the copolymer degree of polymerization. With this
model, they calculated the effects of added homopolymer
on copolymer layers, for different combinations of mo-
lecular weights, for systems with yN¢ in the range of
about 10.5—15. The theoretical results were in qualita-
tive agreement with the available experiments, which
were done on more strongly segregated systems:23-25
Low or high molecular weight homopolymer induces a
decrease or increase in layer thickness, respectively;
there is a threshold MW at which there is no initial
change, and this threshold depends on the MW of the
homopolymer relative to the copolymer. However, the
predicted value of this threshold did not agree quanti-
tatively with experiment.

In this paper, we examine these kinds of systems
using NSCF theory, appropriate to all segregation
regimes. We focus, in particular, on when added homo-
polymer causes an increase or decrease in layer thick-
ness, on the distribution of homopolymer within the
domains, and on identifying the underlying physical
basis of the phenomena. We examine differences be-
tween strong and weak segregation, and make compari-
sons with available experimental data. It is instructive
to consider the limits of large and small homopolymer,
and we show how the latter reduces exactly to the
dilution approximation in the limit of homopolymer
whose length is negligible relative to the copolymer. We
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identify the minimum number of independent param-
eters needed to predict a blend’s equilibrium behavior.
This is an extension of earlier work on neat copolymer.>
Finally, we point out that the NSCF theory can be used
to determine y parameters, complementing techniques
that use other theories to determine them from meas-
urements on the homogeneous phase.

2. Numerical Self-Consistent Field Theory and
General Results

Numerical SCF theory is well documented in the
literature.126=2% Here, we summarize the theory and
what needs to be calculated, identify the minimum
number of independent variables needed to fully specify
the system, and consider some special cases. We present
the general case of A-b-B copolymer with H homopoly-
mer and the special case where the homopolymer is the
same species as one of the copolymer blocks.

2.1. System. We consider a system of Ny homopoly-
mers of type H, and N¢ diblock copolymers of type A-b-
B, in a total volume V. There are three Flory param-
eters, yas, xan, and yen, and the system is assumed to
be incompressible. Each homopolymer has degree of
polymerization, statistical segment length, and pure
component number density Ny, by and pon. The copoly-
mer has block and total degrees of polymerization Nca,
Ncg, and Nc = Nca + Ngg, and it has statistical segment
lengths and pure component densities ba, bg, poa, and
PoB-

The overall volume fractions of the copolymer and
hompolymer can be expressed

f?’c = (NCNC)/ (PocV) 1)
‘E’H = (NHNH)/(pOHV) 2

where we have introduced the average copolymer den-
sity, poc, by

N N N
_c__cA,’¢ce 3)
Poc  Poa Pos

In addition to the degrees of polymerization N,, it is
convenient to introduce effective degrees of polymeri-
zation for the homopolymer, copolymer, and each block
of the copolymer

Por

NET===N 4)

K

Pox

for k = H, C, CA, and CB, with por being the reference
density used in defining the y parameters. Each Niﬁ is
the volume of the corresponding molecule or block, in
units of por~*. Each Niﬁ reduces to the corresponding
N,, if we choose all reference densities equal to por.
(N&" was denoted rc in ref 5.)

It will also become apparent that the volumes of each
copolymer block and the homopolymer, relative to the
copolymer, are important characteristics of the system.
All three of these ratios can be written

eff
— NK

f =
ff
Ne

K

(6)

for « = H, A and B. fy and fg = 1 — fa are the volume
fractions of the A and B blocks of the copolymer. The
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overall volume fractions of A and B copolymer in the
system are

550;( = f,((}c (6)

for k = A and B.

2.2. Self-Consistent Field Equations. We need to
calculate a number of chain propagators and self-
consistent fields, from which we obtain the equilibrium
structure and its free energy, and the volume fraction
profiles for each component. In this paper, we assume
the equilibrium structure is lamellar, with layer thick-
ness denoted d. The mathematical problem reduces to
one dimension.

We need to calculate one propagator for the homo-
polymer, qu(x,7). It is periodic

qu(x.7) = gp(x+d.7) ()

and satisfies the modified diffusion equation

sz 32 _ 0
T 6 gl op()| A7) = = 2aux7) ()

and initial condition
aqu(x,0)=1 9)

The local volume fraction of homopolymer at x, denoted
¢n(X), is constructed from it via

(_ﬁ d H
000 = "0 o 0TGNy ) A (10)
where

Qu = 3 an(x, Ny dx (11)

The field acting on a monomer of type H is

wy(X) =
@{ Kanl9cal) = bcal + xpulbce(X) — dcal + M}
Por Por
(12)

where 7(x) arises from the incompressibility condition.

We need four propagators for the copolymer, which
we denote ga(X,7), gs(X,7), da(X,7), and gs(X,7). They all
satisfy the same diffusion equation and periodicity
conditions as qn(X,7), but using the corresponding b, and
w,(X). The first two satisfy the same initial conditions
as gqu(x,7), but the other two satisfy

da(x, 0) = gg(x, Ncg) (13)
and
Gg(x, 0) = ga(x, Nca) (14)
The local volume fraction of C« is
P ) = h‘fﬁj [0, 08,(x, Ng, = 7) dr_ (15)
where
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¢ = J2aa(x Nea)da(x, Neg) dx (16)

The fields acting on A and B monomers, wca(x) and
wce(X), are obtained from eq 12 by appropriate permu-
tations of CA, CB, and H.

If there were solvent present, then it would be
conventional to choose por as the solvent density, and
we could express #(x) in terms of In[¢s(X)]. In the present
case, we determine 5(x) implicitly. The requirements
that the fields w,.(x) and all volume fractions are self-
consistent, and that the incompressibility condition is
satisfied, are sufficient to specify a solution to the above
SCF equations. Once this solution is obtained, we can
evaluate the free energy per unit volume for the system,
relative to its value for a homogeneous system and in
dimensionless units, from

F- I:hom 1
pORK—TV aJo XAB[¢CA(X)¢CB(X) beabesl T

XAH[¢CA(X)¢H(X) beadr] + xenlbca)dn() —

bopdrl — pOBwCB(X)¢CB(X) -

Qc ¢_>H QH
o) - ol

We carry out the calculation as follows. We define a
system by the overall volume fractions of each compo-
nent, the details of those components, i.e., po., N, and
b., and the three y,,. We then make an initial guess for
the layer thickness, and find self-consistent solutions
and the free energy for that thickness. We then repeat
the calculation for different thicknesses, until we find
the one that minimizes the free energy.

In the case that the homopolymer is the same species
as one of the copolymer blocks, we can choose it to be
the A block, i.e., H= A. There is only one nonzero Flory
parameter, yag = ysn = %, and ba = by, poa = pon and
xaH = 0. The propagators qu and ga are the same,
although needed for different ranges of z. The field
acting on an A monomer, whether part of a homopoly-
mer or copolymer, is

wp(X) = @{X[(pCB(X) ¢CB] + i )} (18)
Poa Por

The field acting on a B monomer is

RwCA(X)¢CA(X)

p°—”wH(x)¢H<x)} dx —
Po c

1n(x)
wg(X) = {X[¢A( X) — ¢A] + R} (19)
where ¢a(X) and ¢a have contributions from both co-
polymer and hompolymer, e.g., ¢a(X) = ¢ca(X) + dn(X).
The free energy, eq 17, simplifies to

F-F om 1 i
PORk—-T_V = a f(‘)d{X [¢A(X)¢CB(X) - ¢A¢CB] -

Poa

p—wA(X)rbA(X)

_RWCB(X)¢CB(X)} dx —

QC QH
N—gﬁln(d ) _WI ( ) (20)

2.3. Factors That Determine the Equilibrium
State. As described above, there are a number of factors
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that specify these systems. In an earlier paper on neat
diblocks,®> we showed that, as long as each possible
morphology can be described by a single lattice param-
eter, e.g., the thickness of the layers, then the equilib-
rium morphology is controlled by only three parameters.
The first of these is yN&" where y = yag and N is the
effective copolymer degree of polymerization, eq 4. The
other two factors are the volume fraction of one of the
blocks, fa or fg, and the conformational asymmetry,
which we can characterize by

2
_ Poebs

(21)

IOOAbA2
If the monomer volumes are chosen to be equal, this
reduces to the ratio of the squares of the statistical
segment lengths.

These three parameters determine the equilibrium
phase, and the domain size in units of a statistical
segment length. To determine this size completely,
either ba or bg must also be known. Note that, although
por is used to define both the y parameters and NET it
is not a controlling factor itself; for example, it cancels
out in the product yNg".

To identify the minimum number of factors control-
ling the blends, we first recast the SCF problem in terms
of new variables. The first step is to rescale the x and
each 7 via x — x/d and t — ©/N,. The next step is to
rescale each w,(x) by a factor of NecﬁpoK/pOR, include
compensating factors in the SCF equations wherever
w.(x) appears, and multiply 7(x) by 1/por. The rescaled
potentials become

000 = Y 1N — 6] +76)  (22)

K'#FK

and the diffusion equation for each component becomes

2
[— P 5+ aa(x)]qk(x,r) = Flqx7) (23)

The q.(x,7) still obey the initial condition q,(x,0) = 1,
but the §,(x,7) now obey

Ga(x,0) = gg(x,1)
Gs(X,0) = ga(x,1) (24)

The other constants in eq 23 are

N?SﬁpOHbHZ
p= —6p e (25)
OR
and
b 2
e = Pox K2 (26)
PoHPH

The local volume fractions, ¢,(x), are calculated from
convolutions of the new g, and §,. Equations 10 and 15
are replaced by

0]
20 = [lanx0aux1 - dr  (27)
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and

e ) = ng—‘; [laxDa,(x1-1de  (28)

and the free energy, eq 17, becomes

F- I:hom 1

‘/;L dX{ gXKK’N?:ﬁ[(bK(X)(ﬁK,(X) —

o
f_InQH (29)

H

— =
PorKsTV N

51— 3 008,09} — $cInQc —

The ¢, are generalizations of the asymmetry parameter
for neat copolymer.>2° We define them here relative to
the homopolymer, and so ¢4 = 1. The parameter S,
defined in eq 25, contains the lattice parameter d. Its
equilibrium value is determined by minimizing the free
energy. Hence, § is not an independent controlling
factor. The minimization of the free energy is not
affected by the factor of 1/Necﬁ. Thus, we are left with a
total of eight parameters needed to determine the
details of the layered structure, including its free energy
relative to other possible morphologies: one inde-
pendent volume fraction, ¢c or ¢u; the copolymer
composition fa or fg; two nontrivial parameters ¢,; three
parameters MNZ“, and fy. If an overall length scale is
also needed, we need one statistical segment length.

This result is easily generalized to other structures
that can be characterized by a single lattice constant.
This includes the spherical, cyclindrical, and gyroidal
morphologies. The only differences in the formalism are
that the partial derivatives with respect to x are
replaced with the Laplacian operator V2, and the ap-
propriate lattice constant replaces the layer thickness
d in the definition of 8. This also implies that these eight
parameters determine which morphology has the lowest
free energy and is the equilibrium one.

For the special case of H = A, there are only one
independent y parameter and one nontrivial conforma-
tional asymmetry parameter. This reduces the set of
controlling factors to a total of five, plus one statistical
segment length. The five can be chosen as fa, yN&" with
X = xaB, One nontrivial parameter ¢ = €g, ¢c, and fy.
The first three of these are the same as those needed
for the pure copolymer; the last two describe the overall
copolymer/homopolymer concentration and the relative
sizes of the homopolymer and copolymer.

2.4. Small Homopolymer Limit and the Dilution
Approximation. Our numerical calculations will be for
A-b-B/A blends, presented in the context of a given
fo:ﬁ and for different fy. Physically, Nﬁff = 1 corre-
sponds to a small molecule, i.e., solvent. In one sense,
this is a selective solvent, since yan = 0 and ygny =y #
0. However, when fy is very small, NE’C’rr = 1/fy is large.
For a fixed %Ngﬁ, this in turn implies that y is small,
and the “selective” solvent becomes nonselective. For
example, if N&" = 400, then yN&" = 40 corresponds to ¥
= 0.1. For a smaller yN&, or larger N&™ at fixed yN&", 5
is even smaller. These all correspond to solvents which
are very good for both blocks.

When fy is small, the homopolymer (solvent) distribu-
tion can be calculated analytically. In the diffusion
equation, eq 23, the spatial derivatives can be neglected
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Local volume fraction

2x/d

Figure 1. Density profile for a copolymer/homopolymer blend
for very small fy, for the system shown. The copolymer is
compositionally and conformationally symmetric.

for the homopolymer. Equation 23 then reduces to

10
w(X)au(X,7) = — f o au(X,7) (30)
which has solution
q(x,7) = e et (31)

Substituting this result into eq 27 then gives
$(¥) O peHen (32)

In the limit of fy = 0, qu(x,7) = 1, and ¢n(X) is
constant; i.e., the homopolymer (solvent) is distributed
uniformly throughout the system. This is equivalent to
the dilution approximation, which is an exact solution
of the NSCF equations at finite yN&' when f; = 0. In
the complementary limit of y = 0 and finite fy, e.g.,
N = 1 and finite N", the potential has no nonzero
interaction terms, but it still has a small contribution,
7n(x), arising from the incompressibility condition. The
result is that the homopolymer (solvent) density is the
same in both subdomains, but there is a small excess
in the A—B interphase region.® If we approximate the
potential by ignoring the 7(x), then the result is a
uniform solvent distribution. This is the dilution ap-
proximation again, which is an approximate solution to
the NSCF equations if fy is finite and y = 0.

For neat copolymer,2® NSCF theory predicts

d O P(NZHPH2 (33)

The value of p is about /g in strong segregation, and

increases to 1/, as XNE“ — 10.5. In the dilution ap-
proximation, the layer thickness scales as

d O yeP(NT)P Y2 (34)

where yefs is the effective A—B interaction parameter,
defined by

Xeff — E)CX (35)

In the case when y and fy are small but finite, qu(X,7)
has a weak spatial dependence, which leads to a small
difference in density between the A and B subdomains.
To leading order, this difference depends on the product
xfu. A sample case is presented in Figure 1, which shows
the volume fraction profiles for a very low fy system. In
ref 8, inhomogeneities in the solvent distribution were
found to be greatest for large yN¢ and ¢c = 0.5.
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Hence, for purposes of illustration here, we chose ¥Nc
= 50, a relatively strongly segregated system, and ¢c
= 0.5. Even so, the variations in the solvent density are
extremely small, limited to less than 1% throughout the
entire unit cell.

2.5. Weak Segregation Theory. For compositionally
symmetric copolymers, fo = 0.5, the order—disorder
transition is second order in mean field theory. When
fa is near to but different from 0.5, it is weakly first
order. In this region, the potentials are small, and the
solution to the SCF problem can be expanded as a
perturbative series. Hong and Noolandi developed this
expansion to fourth-order in the fields y,(X) = ¢(X) —
¢, which are the variations of the densities about their
average values.'® They showed that each v,(x) is domi-
nated by a single wavenumber. Early work considered
only this dominant wavenumber.1%20 It does not account
for the changes in the domain sizes induced by the
addition of homopolymer that are observed experimen-
tally.

The “many-wavenumber approximation” (MWA) com-
bines the fourth-order expression for the free energy
with multiple wavenumbers in the Fourier expansion
of the y,(x) and the potentials. It was developed and
used to examine copolymer/homopolymer blends in ref
21. It predicts changes in layer thickness that are
qualitatively in agreement with the effects observed in
strong segregation. This approach comprises a weak
segregation approximation to the full NSCF theory used
in the current paper and described above. It is the basis
of the comparisons in section 3.

3. Comparison with Weak Segregation Theory

We begin by examining weakly segregated systems
and comparing the NSCF results with those of the weak
segregation MWA theory. Figure 3 of ref 21 shows the
MWA domain and subdomain thicknesses for composi-
tionally and conformationally symmetric A-b-B copoly-
mers, fa = 0.5 and ¢ = 1, with added A homopolymer.
The copolymer was weakly segregated, with yN¢ = 12.
The homopolymer ranged from very low relative size,
fu = 0.0025, up to fy = 0.3, and the overall copolymer
volume fraction varied from ¢c = 1 to ¢c = 0.8. Figures
2 and 3 of this paper redo these calculations using the
full NSCF formalism. The very low fy results were
obtained for two cases. The first is fy = 0.0025 as in ref
21. The second is fy = 0, calculated using the dilution
approximation which, as noted in section 2.4, is an exact
solution in this limit. The results for these two cases
are indistinguishable.

Figure 2 shows the layer thickness, d, and the A and
B sublayer thicknesses, da and dg, for different values
of fy. When there is no homopolymer in a system, they
are, of course, independent of fy, and the results in each
panel converge as ¢c — 1. When homopolymer is added,
i.e., as ¢c decreases, the thicknesses generally change
and change in nontrivial ways.

Qualitatively, the changes are the same as in the
MWA model. When relatively large homopolymer is
added, e.g., fy = 0.3, both d and da increase. Conversely,
when relatively small homopolymer is added, e.g.,
fu — O, both d and da decrease. In all cases, the B
subdomain thickness, dg, decreases with added homo-
polymer.

There are, however, quantitative differences. For the
neat copolymer, the NSCF approach gives a layer thick-
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0.3 d/dy = 1 + a¥y
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0.8 0.9 1.0
Cc (2

Figure 2. Domain and subdomain thicknesses vs copolymer
volume fraction, ¢c, calculated using NSCF theory. All thick-
nesses are expressed in units of Nc'2b. These graphs can be
compared with the MWA calculations shown in Figure 3 of
ref 21. (a) Domain thickness d, (b) A-subdomain thickness, da,
and (c) B-subdomain thickness, dg. To convert to the units of
ref 21, multiply by Nc2b = 20b.

1.6 T T T
xNe = 12

;c = 0.80

1.5 - 1
0.85
© 0.90
0.95

1.4 1 R
1.3 1 1 1 1

0.0 0.1 0.2 0.3

fy

Figure 3. Domain thickness as a function of volume of the
homopolymer relative to the copolymer, fy, using NSCF theory.
The units are the same as in Figure 2 of this paper.

ness of do/(Nc2b) =~ 1.40. This is about 4% less than
the MWA prediction of about 1.45 for this case. This
very small difference is due to the approximations of
MWA theory, and would vanish at yNc = 10.5. Other
differences appear at finite ¢n. In Figure 2a, there is a
slight increase in d with added homopolymer when fy
= 0.2; in the MWA approximation, there was virtually
no change for this case. Similarly, in Figure 2b, we see

that for fy = 0.1, da increases as ¢c decreases, with a
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slight upward curvature; the corresponding MWA result
has a downward curvature in the neighborhood of ¢c =
0.8.

The differences can be relatively large, especially for
small fy. As shown in panel a, d approaches do ap-
proximately linearly as ¢c — 1. When expressed as a
function of ¢y, the NSCF results for fy = 0 have a slope
of —0.4, i.e.

941044, (36)
dO

This slope compares with the value of —1.0 in the MWA
result. The NSCF results for dg, shown in Figure 2c,
approach ¢c = 1 with a narrower range of slopes than
in the MWA results. They also have more downwards
curvature near ¢c = 0.8 even, as noted above, curving
down instead of up for fy = 0.1. Finally, the NSCF
values for dg for small fy lie above all the other ones,
which was not the case for the MWA calculations.

Equation 36 can be understood from the applicability
of the dilution approximation at small fy. Together, egs
34 and 35 imply

did, = ¢cP (37)

Substituting ¢c = 1 — ¢n and expanding for small ¢n,
eq 37 becomes

d/d, = 1 — poy, (38)

which is the linear dependence on $n obtained above.
For yNc = 12, p = 0.4,2° in full agreement with eq 36.
This picture also implies that, as yNc¢ gets closer to 10.5,
the slope should become marginally steeper, p — 0.5,
although fluctuation effects might mask this effect in
real systems.

Figure 3 presents a complementary perspective, show-
ing d vs fy for different ¢c. At each ¢c, d varies
approximately linearly with fy, reduced below do at
small fy and increased above dg at large fy. As in the
MWA results, the curves all cross d = dp near a common
point, which is the threshold identified in the Introduc-
tion. Banaszak and Whitmore found it to be at about fy
=~ 1/, In these calculations, we find it to be shifted
slightly, to about fy = 1/5 at this yNc. Looking ahead
to section 4.1, we find there that this threshold varies
with yN¢ and with ¢¢c and that the NSCF and MWA
results are in good agreement when yN¢c — 10.5 and
¢c — 1.

4. Systematic Results

4.1. Domain Thickness. In this section, we describe
the systematic study of the effects of homopolymer on
the layer thickness, using compositionally and confor-
mationally symmetric copolymers with fa = 0.5 and ¢
=1, and por chosen to be equal to poa = pos. With these
choices, N?:ﬁ = N¢ and Nﬂf = Np. Most experimental
systems have modest conformational asymmetry (e =
1), which does not have major effects except for the
exotic phases like the gyroid phase and near phase
boundaries between the ordered phases.3>

The systems examined in the study are listed in Table
1. They range from relatively weak to relatively strong
segregation, yN¢c = 15—50, copolymer volume fractions
from 0.1 to 1, and fy from zero to 0.5. It is likely that
some of these systems are unstable with respect to
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Table 1. Model Systems Used in Systematic Study?

variable value

xNc 15, 20, 30, 40, 50

oc 0.1,0.2,0.3,0.4,05,0.6,0.7,0.8,0.85, 0.9, 0.95, 0.99, 1

fr 0, 0.0008, 0.002, 0.005, 0.0075, 0.01, 0.015, 0.02,
0.0225, 0.025, 0.03, 0.05, 0.075, 0.1, 0.25, 0.5

a Systems were derived from all combinations of these param-
eters, with the additional choices that fa = fg and ¢, = 1. The limit
fu = 0 is calculated from the dilution approximation, using yerrNc
= ¢cxNc.®

T L T

25 1

$.=0.40
20 | ]

xNe=15

d/d,
P

0 01 02 03 04 05
fu

Figure 4. Domain thickness, d, as a function of fy for yN¢c =
15, relative to the domain thickness for the neat copolymer,
do. The curves are for ¢c = 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 0.9,
0.95, and 0.99.

3.5

3¢=0.30 1

xNe=30
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Figure 5. Domain thickness, d, as a function of fy for yNc,
relative to the domain thickness for the neat copolymer, do.
The curves are for ¢c = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 0.9,
0.95, and 0.99.
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Figure 6. Domain thickness, d, as a function of fy for yN¢c =
50, relative to the domain thickness for the neat copolymer,
do. The curves are for ¢c = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 0.9,
0.95, and 0.99.

macrophase separation, a transition to another micro-
phase, or an unbinding transition.” ldentifying the
stability limits would require additional calculations of
the kind that have been done for relatively weakly
segregated systems,'8 but which we have not done here.

The results vary smoothly with yNc; for brevity, we
show in Figures 4—6 the dependence of d on fy and ¢¢
for three sets, using yN¢c = 15, 30, and 50. There are a
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Figure 7. Domain thicknesses for each of the systems in
Table 1 for fy — 0: (a) Layer thickness relative to the neat
copolymer case, d/do, vs ¢c; (b) layer thickness in units of
Nc2b, vs ¢cyNc. All results of panel a reduce to this single
curve.

number of common features in these results. The most
obvious is that, at all segregation strengths, very small
homopolymer induces thinner layers, and larger homo-
polymer induces thicker ones. For any fixed yNc and
¢c, the domain thickness first increases with fy in an
approximately linear fashion. At some intermediate
value of fy, it reaches do. As fy further increases, d
continues to increase, though less rapidly. It eventually
plateaus at large fn.

The reduction at small fy follows directly from the
considerations of section 2.4; relatively small homopoly-
mer behaves as a good, nonselective solvent. Hence, we
expect d/dy = ¢cP at fy = 0 for all these cases. Figure
7a shows our NSCF results for d/do for yN¢ ranging
from 15 to 50. For yNc = 15, the values of ye#Nc range
from 15 at ¢c = 1 down to 10.5 at ¢c = 0.7, which is the
MST, and the thickness scales as expected, with effec-
tive values of p varying from about 0.3 up to 0.5 at the
MST. For stronger segregation, e.g., yNc = 50, yeNc
varies from 50 at ¢c = 1 down to 15; the power is p =
0.2 at ¢c = 1 and increases to 0.3 at ¢c = 0.3. Note that
p = 0.3 when yeNc = 15 in both these examples. In
Figure 7b, all these results are plotted again, but this
time as a function of the ye#Nc. They all fall on a single
curve that corresponds to an approximate power law,
with p = 0.2 in medium to strong segregation, rising to
0.5 at the MST.

The next figure, Figure 8, shows d/dy for a high fy
case, fy = 0.5. In contrast with the low fy limit, these
homopolymers induce a thicker layer, so d/dg is a
decreasing function of ¢c. These results for all five
values of yNc fall very close to a single curve when
plotted against ¢c. This curve can be expressed ap-
proximately as a power law. At high ¢c, the power is
about —2/3, but it quickly shifts to —1.

The increase in d with fy and its eventual plateauing
can be understood on the basis of simple energetic and
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Figure 8. Domain thickness relative to the neat copolymer
case, d/do, as a function of copolymer volume fraction, ¢c, for
fH = 05

geometrical arguments. As the size of a homopolymer
molecule increases, the energetic cost of its being within
the B subdomain or the A—B interphase grows propor-
tionately. Accordingly, for a given set of overall volume
fractions, the proportion of homopolymer within the
unfavorable subdomain decreases, and it is expelled to
the favorable subdomain. Eventually, it will be com-
pletely localized within the A-domain. At that point, the
thickness dg becomes independent of the homopolymer
characteristics, including fy. Since we then have the
geometric constraint

4 _ s
dB (}B
_ ‘5<:A + J)H (39)
(7’(38

it follows that d itself is independent of fy. The forma-
tion of the plateaus in Figures 4—6 corresponds to the
complete partitioning of the homopolymer to the A
subdomains.

This physical picture is illustrated by the density
profiles shown in Figure 9. This is for yN¢ = 30, ¢c =
0.8 and fy = 0.5. This system correponds to the right
hand end of the fifth lowest curve of Figure 5, where d
is almost independent of fy. We can see in Figure 9
that the homopolymer is indeed completely expelled
from the B subdomain and almost completely expelled
from the interphase region. The profiles here are very
different from those of a very low fy system, such as
Figure 1.

We can carry the argument further to understand the
approximate limiting values of d/do at high fy. Using d
=da + dg and ¢c + ¢ = 1, eq 39 implies

dg

d=— (40)
fadc

The dg appearing here is the thickness of the B-
subdomain when all the homopolymer is expelled.
Figure 9 suggests that, when the homopolymer is
expelled from the interphase, it tends to localize near
the center of the A-subdomain. As a result, the inter-
phase is very similar to that for a neat copolymer
system. Hence, dg will be very similar to the corre-
sponding value for the neat copolymer, i.e., dg = fgdo.
Substituting this into eq 40 yields
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dﬂ ~1 (41)
0 ¢c

This equation represents a universal, albeit approxi-
mate, explanation of the high fy limit of all systems,
although it must be borne in mind that actually reach-
ing this limit in a real system may be pre-empted by a
transition to another phase. It describes the plateau
regions of Figures 4—6, and the results of Figure 8. For
example, it predicts d/dp = 5 at ¢c = 0.2, as compared
with the actual value of 4.6 from Figure 8. This
agreement supports the underlying physical picture of
expulsion of homopolymer from the unfavorable subdo-
main and interface for the plateau regions.

With the two extremal cases considered, we turn to
intermediate fy; and the thresholds where the domain
thickness is equal to the thickness for the neat copoly-
mer, d = do. From Figures 4—6, we see that there is
not a single threshold value of f, but that it varies with
both yNc and ¢c. Figure 10a shows the thresholds,
fu.thresh, @s functions of ¢c for each yNc. The largest
frthresh Shown is about 0.13, and it occurs in weak
segregation and ¢c — 1. As the segregation strengthens,
i.e. ¥Nc¢ increases, fy wresh decreases, all the way down
to about fhinresh = 0.02 at yNc = 120, which is a
reduction of about a factor of 6. As well, for each y¥Nc,
the threshold decreases with decreasing ¢c.

These dependences are consistent with the physical
picture. If the homopolymer penetrates into both sub-
domains, the copolymer interactions are screened and
the layer thickness decreases. When it is effectively
completely expelled from the interphase, the layer
thickness increases. The threshold occurs when these
effects balance. If the amount of homopolymer is small,
then a large proportion of it will be soluble in the
unfavorable subdomain, and it will be relatively difficult
to expel it all from the interphase. Hence relatively high
fu will be needed to reach the threshold; this implies
that fy thresh Will increase with decreasing homopolymer
content, i.e., increasing ¢c. At a given ¢c, the segregat-
ing strength increases with yN¢, so the homopolymer
will be more readily expelled with increasing yNc ; this
implies that i hresh Will decrease with increasing yNc.
All of this is consistent with the numerical results.

Figure 10b captures these dependences in a simple
form. It shows the same values used in Figure 10a, but
converted to yNy by multiplying by yNc. With a few
exceptions, all the points fall very close to a single line,
as shown. The points farthest from this line are all at
%Nce¢c =10.5. The line shown is the line of best fit to all
points except the seven for which yNc¢c < 10.5. It is
described by

XNH,thresh = 1-39(5(: + 0.68 (42)

Expressed this way, the threshold homopolymer size,
Nh thresh, appears to be a simple function of ¢c and y 1,
there is still an implicit dependence on yN¢ because it
needs to be large enough that there is a microphase to
begin with. A complementary interpretation comes from
dividing each side by yNc, converting it to

1 —
fH,thresh = N(l-‘?’g‘bc + 068) (43)

which explicitly indicates an inverse dependence on the
copolymer segregation regime, yNc, and the linear
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Figure 9. Density profiles for a typical copolymer/homopoly-
mer blend at high fy. In this example, yN¢ = 30, ¢c = 0.8, and
fH = 0.5.

increase with ¢c. This picture is consistent with our
earlier identification of yN¢, ¢c, and fy as factors
determining the equilibrium state.
Equation 43 provides a basis for quantitative com-
parison with the MWA prediction. For ¢c = 1, it gives
0.17, for yN. =12
fH,thresh - {0.20, for XNC =10.5 (44)

as compared with the MWA value of 0.20 for yN¢c = 12.

The threshold, fythresh, COrresponds to the points
where each curve on Figures 4—6 cross d/dp = 1. A
related region is where these same curves cross each
other, which occurs at d/dy, marginally less than unity,
and fy less than fyinresh. Table 2 enumerates the
nearest-crossing points, fycross, Of these curves. By
definition, these points are where, averaged over ¢c, the
domain thickness is least influenced by variations in
concentration. In weak segregation, the points are all
close to each other and to fy thresh, @nd the corresponding
d/do are very close to unity. In strong segregation, the
points spread out more and move to lower fy and d/do.

The fucross Values in Table 2 obey a simple scaling
relation

f = 4.50(yNo) % (45)

H,cross
with all points agreeing with it to within +£0.003. For
xNc = 10.5, eq 45 gives fi cross = 0.19, very close to the
MST value of 0.20 for fy thresh.

4.2. Subdomain Thicknesses. We have seen how
solubilized homopolymer can be partitioned between the
A and B subdomains to widely varying degrees and that
it can induce thinner or thicker domains, d. We can
anticipate that the effects on the subdomain thick-
nesses, da and dg, can be complex, and we turn to these
now. Following common practice, we identify the bound-
ary between the two by the inflection points in the
copolymer density distributions. Although not shown,
this also corresponds to the region where the copolymer
joint distribution is a maximum. In cases where there
are more than one inflection point, such as Figure 9,
we use the one closest to the center of the B subdomain.

The systematic NSCF results are shown in Figure 11,
which shows da/d as a function of YNy or, equivalently,
xNcfu. The behavior of dg is obtained trivially from dg/d
=1 — da/d. In all cases, added homopolymer induces
an increase in da and a decrease in dg, relative to d. Of
course, dp itself can still decrease or increase depending
on the overall behavior of d.

The limiting behavior at small and large Ny, or small
and large fy, can be understood as follows. Since the
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Figure 10. Thresholds for added homopolymer, at which d
= do. Below the threshold, the homopolymer induces a decrease
in layer thickness, and above it, the thickness increases. These
values were obtained from calculations in Table 1, augmented
by two calculations for yNc = 120. Key: (a) the threshold,
expressed as fy, as a function of ¢c for each yNc; (b) same
values as in panel a, but converted to yNn by multiplying by
xNc. The line is the best fit to all the points except those for
which XNc(]f)c < 10.5.
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Figure 11. Thickness of the A-subdomain relative to the full
layer, da/d, vs yNu. (a) Panel containing the 683 data points
from all the converged solutions corresponding to inhomoge-
neous states for the systems listed in Table 1. For comparison,
the range of thresholds where d = do, as given by eq 42, has
been marked. The left-hand dashed vertical line at yNy = 1.4
corresponds to the threshold for ¢c = 0, and the right-hand
line at YNy = 2.1 corresponds to the threshold for ¢c = 1. (b)
Magnification of the results below yNy = 1, where the da/d
dependence on yNy is approximately linear. In each panel, the
horizontal axis is equivalent to yNcfy.

limit fy = 0 corresponds to perfectly nonselective
solvent, these homopolymers partition equally between
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Figure 12. Experimental and NSCF layer thicknesses for four
PS-b-PI/PS blends. The copolymer has Ngﬁ = 575. The PS
homopolymers, denoted 2.6hPS, 6hPS, 14hPS, and 37hPS,
have relative volumes fy = 0.05, 0.12, 0.27, and 0.72, respec-
tively. Thicknesses are expressed relative to the neat copoly-
mer system. Dashed lines with markers indicate experiment.?®
Solid lines indicate NSCF results, which were done using

ANT'=32and e = 1.3.

the subdomains, and all curves start at da = dg = d/2.
For small but finite yNu, there will be more solvent in
the A subdomain than the B subdomain, so da/d
increases. The magnitude of this effect will increase with
homopolymer content, so the curves rise more quickly
for larger ¢y. For small enough Ny, or equivalently
xNcfu, the dependence is linear

dd=05+AyN, ifyN, =<1
=05+ AyNfy ifyNf =<1 (46)

This is shown is Figure 11b. The slope, A, increases
monotonically with ¢y

A =0.2¢,, + 0.15¢, (47)

Once the limit when all the homopolymer is in the A
subdomain is reached, the relative thicknesses are
insensitive to further increases in yNy or ¥Ncfy, and
d/dp evolves into a constant whose value depends on ¢c.
The simple geometric constraints identified in section
4.1 require that da/d = ¢a in this limit which, for fa =
0.5, is equivalent to

dyd—1— ¢./2 (48)

This limit is reached at yNy = yNcfy = 4. The inter-
mediate region between the dilution limit and this
“expulsion” limit occurs over a range which is centered
approximately at yNy = 2, which corresponds to

fH = XWC (49)

which is near fi thresh and fi cross.

5. Experimental Comparisons

We now turn to a comparison of the NSCF predictions
with available experimental results. The experiments
are the same ones used in ref 21.

The first ones we discuss are the measurements by
Winey et al.;?® their results are shown in Figure 12.
They used PS-b-PI (polystyrene-b-polyisoprene) copoly-
mer blended with PS homopolymer of four different
degrees of polymerization. The copolymers were almost
perfectly compositionally symmetric with fps = 0.51.
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Using por = (pospor)?, we obtain N&' = 575. The neat
copolymer is in intermediate segregation, with XN?;rf =
32.30 The four homopolymers, which were designated
2.6hPS, 6hPS, 14hPS, and 37hPS, correspond to fyy =
0.05, 0.12, 0.27, and 0.72, respectively. Their actual
molecular weights are given in ref 25.

Calculating the conformational asymmetry parameter
requires the experimental values of the two statistical
segment lengths and pure component densities. As
discussed in ref 5, literature values vary from ¢ = 1 to
1.3. For this calculation, we use € = 1.3, where the PI
block has the longer effective statistical segment length.
This value is consistent with moderate asymmetry. As
will be seen below, choosing € = 1 or 1.3 has only small
effects.

As seen in Figure 12, the measured layer thicknesses
appear to be somewhat noisy, but they contain clear
trends. High molecular weight homopolymer causes an
increase in thickness. At least initially, the lowest MW
homopolymer induces a decrease. Otherwise, these
homopolymers all induce increases in the thickness, and
the rate of increase is an increasing function of Ny or
fu. As ¢c — 1, the 6hPS appears to correspond ap-
proximately to the threshold, which implies fy thresh =
0.12. The results for each homopolymer show upward
curvature.

The NSCF results for these systems are also shown
on Figure 12. Given the apparent degree of uncertainty
in the measurements, and the uncertainty in some of
the system parameters needed for the NSCF calcula-
tions, the agreement seems quite good, although the
experimental results may have slightly more curvature
than we find theoretically. The calculated threshold,
fr.thresh, 1S between 0.05 and 0.12; eq 43, which is for
conformationally symmetric copolymers, gives fy thresh
= (.07 for this degree of segregation.

These NSCF results are qualitatively similar to the
MWA ones, but with quantitative differences. In par-
ticular, in weak segregation, e.g. XNeCﬁ — 10.5, the
calculated threshold would be fy thresh = 0.2, which is
significantly larger than observed or calculated using
NSCF theory for this system of %Ngﬁ = 32.

The second set of experiments is by Hashimoto et al.,*
and the results are shown in Figure 13. These experi-
ments also used PS-b-PI blended with PS. The molec-
ular weights and polydispersity indices for the copoly-
mer and homopolymers used are given in ref 24, Since,
at least up to second order, polydispersity is included
in the free energy by using My, rather than M,, we
consistently use M,, for the copolymer and hompolymers
in these calculations. With this choice, the effective
degree of polymerization of the copolymer was N‘éﬁ =
405. The copolymer was 48% PS by weight, which
corresponds to fps = 0.45. They used four different PS
homopolymers, denoted S02, S04, S10, and S17, which
have relative volumes fy = 0.07, 0.13, 0.28, and 0.47.
(They also did some measurements with Pl homopoly-
mer, but only in ternary PS-b-PI/PS/PI systems which
we do not consider in this paper.) With added S02, S04,
or S10 homopolymer, the systems remained lamellar at
20% homopolymer by weight, but changed to cylindrical
at 50% homopolymer by weight. These weight propor-
tions correspond to ¢y = 0.19 and 0.48, respectively.
With added S17, the blends remained lamellar all the
way to ¢y = 0.48.

As shown in Figure 13, when any of the homopoly-
mers were added, the observed layer thickness and PS
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Figure 13. Experimental and NSCF layer and subdomain
thicknesses for four PS-b-PI/PS blends. The copolymer has

Néﬁ = 405. The PS homopolymers, denoted S02, S04, S10 and
S17, have relative volumes fy = 0.07, 0.13, 0.28, and 0.47,
respectively. All thicknesses are expressed relative to the neat
copolymer system. Dashed lines with circles indicate experi-
ment.?* Solid lines indicate NSCF results, which were done

using xNEﬁ =57.5and ¢ = 1.0. Key: (a) domain thickness, (b)
PS subdomain thickness, and (c) Pl subdomain thickness.

subdomain thickness increased, with faster increases
being caused by the higher molecular weight homopoly-
mer. The Pl subdomain thickness always decreased,
with faster decreases induced by the lower MW homo-
polymer. In the case of S17, the presence of 50%
homopolymer caused an increase in dp; back toward its
value in the neat copolymer system.

To make comparisons with experiment, we need to
know both the y and e parameters. Hashimoto et al.
found y = 0.035 for the neat copolymer,3! corresponding
to XNeC“ =~ 14.2, which is weak segregation. Using these
values, the NSCF calculations produced decreases with
added S02, a very slight increase with added S04, and
larger increases with the other homopolymers. The
S04 was very close to the threshold, indicating fuy thresh
= 0.13. This is perfectly consistent with our other results
in this paper; for example eq 44 gives fy thresh = 0.13 for
20% homopolymer for XNE“ = 14.2. It is a typical weak
segregation value of the threshold. However, it is sig-
nificantly smaller than observed in these experiments.

This discrepancy led us to reexamine the choice of
x- We found literature values for yps_p| that vary by
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Table 2. Values of fy at Which Domain Thicknesses
Exhibit the Least Dependence on ¢c2

xNc fu at crossing d/dp at crossing
15 0.117 0.999
20 0.075 0.993
30 0.045 0.990
40 0.029 0.970
50 0.023 0.960

a These points are calculated from the calculations of Table 1.

Table 3. The Two Sets of Parameters Used to Model the

Experimental Systems of Hashimoto et al.,2* Where, for

Each ¢, the Value of y Was Found That Reproduced the
Observed Layer Thickness for the Neat Copolymer

€ x AN
1.0 0.142 575
13 0.101 408

more than a factor of 2, from 0.035 to 0.086,%31 and
they often exhibit apparent composition or molecular
weight dependences. These values are generally ob-
tained via experiments which are interpreted using
theory, which is often a mean field theory even if the
experiments are in a range where fluctuation effects can
be expected. Some of these experiments also involve the
presence of neutral solvent, which might affect results
in ways not completely captured by the theories used
to interpret them.

For these reasons, we decided that a better test of the
blend theory we are presenting here is to find the value
of ¥ which best describes the neat copolymer, and then
use this value for all the blends. We did this by finding
x for which the NSCF calculation gave the observed
layer thickness for the neat blend, which was do = 26.7
nm. There is still one remaining uncertainty, which is
the value of . We used the two limits of the range of
values found in the literature, ¢ = 1 and 1.3, and found
the required value of y for each. These values are in
Table 3. They are above, but near, the range of values
found from other experiments, and they indicate that
these systems are in intermediate to strong segregation.

Figure 13 shows our numerical results for the first
case, € = 1. The results are qualitatively the same as in
the experiments: at 20 wt %, all these homopolymers
cause an increase in the layer thickness, d, and the PS
sublayer thickness, dps, and a decrease in dpj; at 50
wt %, the S17 polymer causes a return in dp, toward
its original value. The rates of increase and decrease
are ordered by the molecular weight of the homopoly-
mer, with the S02 homopolymer causing the slowest
increases in d and dps, and the fastest decrease in dp;.
Quantitatively, the theoretical rates of increase are
almost, but not quite, as large as the observed ones. For
example, 50% S17 leads to an observed increase in d of
about 90%, as compared with a theoretical value of
about 80%. Both the observed and theoretical values of
dps increase by nearly a factor of 3, and they are in very
good agreement with each other. The variations in dp,
are smaller, but still in good agreement.

Figure 14 shows our numerical results for the second
case, € = 1.3. There are quantitative, but not qualitative
differences. Perhaps the most surprising result is that
the value of ¥ needed to produce the neat copolymer do
is over 40% larger. Compared with the conformationally
symmetric case, Figure 13, the rates of increase in d
and dps are slightly smaller, and the rate of decrease
in dp is slightly greater.
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Figure 14. Experimental and NSCF domain and subdomain
thicknesses for the same four PS-b-PI/PS blends as in Figure
13. The systems and experimental results are identical to those
in Figure 13. The NSCF results were calculated in the same

way, except that XNZﬁ = 40.8 and ¢ = 1.3 here. The notation is
the same as in Figure 13. Key: (a) domain thickness, (b) PS
subdomain thickness, and (c) Pl subdomain thickness, all
relative to the neat copolymer case.

Both the experiments and the two sets of NSCF
results indicate that this system has a threshold value
for the increase in d corresponding approximately to
S02, which is fy = 0.07, or slightly smaller. Equation
43 gives fu thresh = 0.04 or 0.05 for these degrees of
segregation, in good agreement with these full results.
This is smaller than fythresh for the experiments of
Winey et al.,?> which is consistent with our picture that
the neat copolymers in this case are more strongly
segregated, i.e., XN?:ﬁ is larger.

6. Concluding Comments

We have examined aspects of homopolymer/diblock
copolymer blends using numerical self-consistent field
theory. These blends are characterized by a large
number of parameters: the degree of polymerization,
statistical segment length, and pure component density
for the homopolymer and each block of the copolymer,
the overall volume fraction of each, and three interaction
parameters. Polydispersity would be another factor,
although we have not explicitly considered it here.

In section 2.3, we identified the minimum number of
parameters needed to predict the equilibrium phase of
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these blends. As long as each possible morphology can
be characterized by one independent lattice parameter,
a total of eight is needed to predict the equilibrium
morphology of a general A-b-B/H_blend: one inde-
pendent volume fraction, ¢c or ¢n; the copolymer
composition fa or fg; two nontrivial conformational
asymmetry parameters ¢, three parameters y, N
where y,, are the interaction parameters and N“’Cff is an
effective copolymer degree of polymerization, and the
volume of the homopolymer relative to the copolymer,
fu. If an overall length scale is needed, we also need one
statistical segment length. For the special case of H =
A, i.e., A-b-B/A blends, there are only one nonzero,
independent y parameter, and one nontrivial conforma-
tional asymmetry parameter. This reduces the set of
controlling factors to a total of five, plus one statistical
segment length. The five can be chosen as fA,_XN‘éff with
X = xas, ONe nontrivial parameter ¢ = ¢g, ¢c, and fy.
The first three of these are the same as those needed
for the neat copolymer; the last two describe the overall
copolymer and homopolymer concentration, and the
relative sizes of the homopolymer and copolymer.

The rest of the paper considered the layered structure
of A-b-B/A blends, and included an analysis of the weak
segregation regime with comparisons with an earlier
weak segregation theory, comparisons with available
experimental results, and a systematic study of systems
in varying segregation regimes. We did not attempt to
calculate the stability limits relative to other phases.
The NSCF and weak segregation theory agree in the
limit yN¢c — 10.5, but quantitative differences occur even
for yN¢ = 12.

An interesting aspect of these systems is that solu-
bilized homopolymer can induce either an increase or
decrease in the layer thickness. The weak segregation
theory?! predicted that relatively low molecular weight
homopolymer induces a decrease and high molecular
weight homopolymer induces an increase. The thresh-
old, i.e., transition between these two effects, occurred
around fy thresh = /5. This agreed qualitatively, but not
guantitatively, with experiment. In this paper, we have
found that this threshold value varies with segregation
regime and with the composition of the blend to which
the homopolymer is being added, i.e., ¢c. The variation
can be substantial, especially with segregation regime
since fu thresh Varies inversely with yN¢: For homopoly-
mer added to neat copolymer, fy thresh ranges from about
0.2 in very weak segregation down to 0.02 in very
strongly segregated systems with yN¢c = 100. For a
given yNc, fn tresh decreases with increasing homopoly-
mer content, ¢y. All these results are succinctly sum-
marized in eq 43.

The results can be interpreted in terms of the control-
ling factors identified above, and a physical picture. For
very small fy, the homopolymer is much smaller than
the copolymer, and behaves much like a solvent. In fact,
in the limit of fy — 0 and finite yNc, the effects of the
homopolymer can be described exactly by the dilution
approximation with the homopolymer playing the role
of a nonselective solvent. Entropy drives this homopoly-
mer into both subdomains, which is uniformly distrib-
uted in this limit. The copolymer interactions are
screened, and the layer thickness decreases. As fy
increases, the balance between the entropic driving
forces and the energetic homopolymer-copolymer repul-
sion changes, and the homopolymer begins to be ex-
pelled from the unfavorable subdomain and, eventually,
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from the AB interphase region. When a large enough
fraction of the homopolymer is expelled, the layer
thickness increases. When all the homopolymer is
expelled from the unfavorable domain and is localized
to the interior of the compatible domain, the AB
interphase contains only copolymer. In this limit, the
unfavorable subdomain thickness is very nearly the
same as it would be for neat copolymer. The thickness
of the other domain and the overall layer thickness are
then simply related by geometric effects.

To relate this physical picture to the controlling
parameters, we note first that one characteristic, fy, is
the ratio of the homopolymer and copolymer sizes. Small
f means that the homopolymer is small on the scale of
the copolymer, which is a reasonable criterion for the
meaning of “small” for a homopolymer blended with
copolymer. The threshold value, fy thresh, reflects when
this homopolymer is effectively expelled from the un-
favorable domain. If the overall concentration of homo-
polymer or its molecular weight is small, then a
relatively large fraction of it will be soluble in the
unfavorable subdomain. This fraction will decrease if
the size of the homopolymer, the overall homopolymer
volume fraction, or the segregation regime increases.
Conversely, for a given fraction of homopolymer to be
expelled, its relative size, fy, will decrease with increas-
ing ¢ or, equivalently, increase with increasing ¢c, and
decrease with yNc, as indicated in eq 43.

A complementary physical perspective is afforded by
eq 42, which gives the threshold Ny thresh in terms of ¢¢
and y, without explicit reference to Nc. Mathematically,
this is trivially related to eq 43 by multiplying each side
by ¥Nc. It indicates that the homopolymer is effectively
expelled from the subdomain if the energetic driving
force per molecule, proportional to yNu, is sufficiently
large. It was noted that there is still an implicit
dependence on yNc.

The predictions of the NSCF theory presented here
agree well with the available experiments, if the y
parameter is chosen appropriately. The issues were
brought into focus through the comparisons of our
results with the experiments of Hashimoto et al. on PS-
b-P1/PS blends. Available literature values for yps—p
vary, but we find that using any of them in the NSCF
calculations gives a consistent picture of a too-weakly
segregated system with a neat copolymer layer spacing,
do, which is smaller than is observed, and a threshold
value, fy thresh, Which is larger than observed. If, how-
ever, we choose a larger value of yps—p| by requiring that
do be given correctly, then fyhresh also agrees with
experiment and NSCF theory gives a consistent picture
of a more strongly segregated system.

Determining a y parameter in this way is similar in
spirit to other determinations of it: an experimental
measurement is interpreted using a theory to extract
its apparent value. In this case, we are in a regime
where the effects of fluctuations and solvent on the layer
thickness should be nonexistent or negligible. Our
resulting values of y and other predictions for this
system are amenable to experimental test. They predict
density profiles for each copolymer block which are
typical of intermediate to strong segregation. Measure-
ments of such profiles, or of the width of the A—B
interphase, should be able to distinguish between these
profiles and weak segregation profiles that would be
expected for small values of y although, quantitatively,
the interphase may also be broadened by capillary
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waves which are not accounted for in the NSCF ap-
proach.
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