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ABSTRACT: We have extended and applied the theory of polymer blends developed by Hong and Noolandi
to the calculation of phase diagrams of ternary A-b-B/A/B copolymer/homopolymer blends which can undergo
microphase and macrophase separation. The approach used a perturbative solution to the modified diffusion
equation to calculate the polymer distribution functions and the free energy. For simplicity, we assumed
that the microphase is lamellar and calculated the free energy up to fourth order. The main results are phase
diagrams for a variety of model systems containing symmetric or asymmetric copolymers mixed with ho-
mopolymers of varying molecular weights and for a PS-b-PI/PS/PI mixture. We also compared induced
microphase formation in ternary and binary blends. It is particularly interesting in blends containing
asymmetric copolymers and/or A and B homopolymers having differing molecular weights.

1. Introduction

Block copolymers and block copolymer/homopolymer
and block copolymer/solvent blends can exhibit a variety
of morphologies and phase behavior and are under active
experimental (e.g., refs 1-16) and theoretical (e.g., refs
17-33) investigation. Block copolymers can undergo an
order—disorder transition, frequently referred to as mi-
crophase separation, and at least four ordered morphol-
ogies exist: layers, cylinders, spheres, and the bicontinuous
“double-diamond” structure.>3 Blends in which block
copolymers are a component can also phase separate in
the usual sense, which can be called macrophase sepa-
ration. The goal of this paper is to provide a contribution
to the understanding of microphase and macrophase
separation in ternary copolymer/homopolymer blends of
the form A-b-B/A/B, e.g., PS-b-P1/PS/PL

It is clear from earlier work that a complete first-
principles treatment of these systems remains in the future.
The mean field self-consistent theory of Helfand and
co-workers!723 provides a detailed description of the mi-
crophases of copolymers in the strong-segregation limit,
including the equilibrium morphologies. Complementing
this for the weak-segregation regime is the theory of
Leibler,?¢ which uses a random-phase approximation3 and
a fourth-order expansion for the free energy. It describes
the order—disorder transition for block copolymers and
predicts a phase diagram for them, but with phase
boundaries separating the different microphases which
do not seem to accord with experience (e.g., ref 3). The
extension of this theory to include fluctuation effects by
Fredrickson and Helfand?” indicates that such effects are
important, but the predicted phase diagrams still exhibit
apparently anomalous features. For copolymer/solvent
blends, self-consistent calculations indicate that other
higher order effects are also important. For example, the
copolymer density profiles are cosine-like, and the am-
plitudes of the density variations are small, only over
limited ranges.?®33 As well, the calculations predict that
the lamellar thickness in these blends scales faster with
copolymer molecular weight in the weak-segregation
regime than in the strong-segregation regime, in apparent
agreement with recent measurements.’® On the other
hand, such a mean field theory does not explain the
apparent stretching of the blocks near the microphase
separation transition but in the homogeneous phase which
was observed in the same experiments. Thus we conclude
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that a full treatment of these systems may require
incorporating both fluctuation effects and the equivalent
of fully self-consistent calculations over the full temper-
ature—composition range.

In this paper we discuss the phase behavior of ternary
copolymer/homopolymer blends on the basis of a mean
field theory which employs the fourth-order expansion of
the free energy of the microphase, an expansion which is
given in terms of the local density of A monomers. The
approach does not include fluctuation effects, numerical
solutions to the self-consistent field equations, or equation
of state effects. Because of these limitations, we made no
attempt to discriminate between different morphologies
(lamellae, cylinders, spheres). Instead we explicitly as-
sumed the lamellar structure. This can be at least partly
justified on the grounds that, except very near the order-
disorder transition, the differences between the free
energies of any two microphases are generally much smaller
than the difference between the free energy of any mi-
crophase and the homogeneous phase. This approach is
an extension of the earlier treatment of binary copolymer/
homopolymer blends3!32 and can be thought of as the
simplest model of these systems which incorporates both
microphase and macrophase separation. The calculations
here complement the recent discussion of critical behavior
in such blends by Broseta and Fredrickson, which was
based on an extension of the Leibler RPA theory, using
what corresponds to the second-order term in the free
energy of the microphase.?

When modeling the blend we assumed that each phase
is either a homogeneous mixture or an ordered microphase,
but these are not the only possibilities. In particular,
copolymer micelles can form within each homopolymer-
rich phase, or the copolymers could migrate to interfaces
between homopolymer domains. Using a model of mi-
celle formation developed earlier, we have tried to identify
and thereby avoid systems in which micelles form.3¥ We
also assumed, for those cases where macrophase separation
occurs, that at equilibrium the bulk phases are large, the
total interfacial area is accordingly small, and consequently
only an insignificant fraction of the copolymers migrates
to interfaces.

Section 2 of the paper, along with the Appendix,
describes the theory and detailed formulas, and section 3
sample results. Given the limitations of the approach, as
described above, these results cannot be considered
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quantitatively reliable, but instead should be used as
guides to understanding the systems and the phenomena
that can occur. Section 4 summarizes.

2. Theory

2.1. General. In this section we derive the basic
expressions we use for the free energy of the blend. The
first part of the derivation follows closely that of Hong
and Noolandi,?%3! but with the incompressibility incor-
porated following Ohta and Kawasaki.?® As well, we
specialize to the case of A-b-B copolymer and A and B
homopolymers and make explicit use of this in our final
expression for the free energy of the microphase. The
results reduce to those for binary A-b-B/A blends in the
limit of vanishing homopolymer B volume fraction.

We consider a volume V containing N¢ copolymer
molecules with block degrees of polymerization Zc, and
ZcB, Nus homopolymer molecules of type A with degree
of polymerization Zy,, and Nyg homopolymer molecules
of type B with degree of polymerization Zyg. We associate
with each component p, p = HA, HB, CA, and CB, a Kuhn
statistical length b, and bulk density po, (monomers per
unit volume), and we assume that the Kuhn lengths and
bulk densities of each homopolymer component are the
same as those of the corresponding block of the copolymers.
Assuming the blend to be incompressible, the partition
function can be written

NNHA

Z= H_fHdr()PHA[r()]Hdr()PHB[r()] X

Nc
[fHdI'Ak(') der(') PCA[I'M(')] PCB[er(')] X
=1

pp(*)
8Lxpn(Zca) - er<zCB>1] 8] 1-Y — [ exol-8V1 ()

14 pOp
where Z, is the contribution to the partition function from
the kinetic energy of a molecule of type «, x = HA, HB,
and C. Here, and throughout this paper, the “C” over a
product (or summation) sign indicates that for that
product (or summation), the copolymer is to be treated
as a single component; otherwise the two blocks are to be
treated as distinct. The four weight functions are assumed

to be of the standard Wiener form

Pp[r(-)] « exp[— —:3—2fZPdT l"(‘r)2] 2
2b, 0

and the four number densities are given by

;)p(l') = /;-p(r!{rpi(f)})

Ny z
=3 fdr 80 - () ®)
=1

The expression 6(1 - Zpﬁp(-)/ pop) in eq 1 ensures incom-
pressibility.

The interaction energy, ¥, is a functional of the densities
pp(r) It is convenient to express it in units of kg7 = 81
and model it via two-body interactions, Wy (r —r’). Then
using the identity

pp(*)
5[1—pr—] exp[-8V] = f [Hdp,,(-) 8lpp() ~
P18 [ Z

p Pop

] exp[-W] 4)

p()p
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1
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pp’

and substituting integral representations of the delta
functions appearing in eq 4, we can write the partition
function, eq 1, as

Nx

cZ
z= ] 157S [Hdpp(-) dwp(-)] dn:) [@c1%

pp(®)
(@] "“‘[QHE]NHB exp{fdr n(r)[ Z 2 ]+

Z f dr w,(r) py(r) - Wiip, )1 ¢ (6)
P

where W is the normalization. For homopolymers (p =
HA or HB)

Nl’
(@)% = | udr,.(-) P, ()] expi- [ dr w,(¥) 5,0} (D

where py(r) is related to the {r;(-)} by eq 3. Equation 7
implies

@, = [dr() B,ir0] expl-f, " [rm1dr}  ®
For copolymers
Q.= fdl‘A(-) drg() Po,lr, ()] Peglrg()] a[rA(ZCA) -

l‘B(ZCB)] exp{—J;ZCAwCA[rA(T)] dT - j;ZCBwCB[rB(‘r)] dT}
)

These functionals can be expressed in terms of four
propagators Qu(r,7|r), all of which satisfy modified
diffusion equations.® Explicitly, they are given by

@, = [drdr Qwz,r) (10)
for homopolymers, p = HA, HB, and

Q.= fdr dr’ dr” Qea(¥”,Zalr) Qop(r”,Zoglr)) a1
for copolymers.

Using Stirling’s approximation, the partition function,
eq 6, can be written

Z=N{f []do,®) doy dn() x
P
exp{-Fxlio, I, O} (12)

where Fr is the free energy functional (in units of kg7,
given by

gT[{pp(')}’{wp(‘)}’n(')] =
F oD + Hlfp,O}n()] (13)
with

Flo, OblwpOf1 = Witop}1 - Y [ dr w () () +
p
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and

P (1)
o (Nn()] = f dr n(r)(zz——- 1) (15)
. = Pop

We next need expressions for the thermal average
density distribution of each component. Using the par-
tition function, eq 1, we can express this for, e.g., homopoly-
mer HA as

(pua®)) =
1,625 A .
“[T==J TTdre) Paaalri ppatetrioh X
il N7 4

Mg e
f gdrj(') Pyplr;)] U gdru(') X

drg, (1) Pcplr,()] Peglrg, ()] 8lry,(Zcy) - er(ZCB)];] X
pp()
5[1 -Z"—] expl-6V] (16)

p Pop

The functional integrals here are the same as in the
partition function, except for the presence of the
puA(r{ri()}). Therefore we can introduce changes of
variables as we did for Z. The only difference is that
[@ua)VHa is replaced with

Nua
S TTdri) Pualri0] pya(e) x

i=1

expl- [ dr’ wys () har)] (A7)
which, by differentiating eq 7, is seen to be equal to

-0 B 18
P (r)[aHA] (18)
We thus have, for either homopolymer,
5 N N, sa,
r)=-— [ dp(-) dw ,(-):l dn(:) — X
e zf I:I e @, da,(r)

exp{-Frlio, (i, ()]} (19)
In fact, all four densities can be expressed

) N N, @,
) =-— [ do () d «(-)]d )—
(pp(x)) zf IPI pp(+) dw, n @, su(e)

exp[-FFF1l{o, (N fwp, (Dhn()]] (20)

where « = p if p = HA or HB, or « = C if p = CA or CB.
2.2. Mean Field Approximation. Exact evaluation
of integrals such as eqs 12 and 20 is beyond our current
capability. In this paper we use the saddle point method,

approximating the free energy and thermal averages by
their values at the saddle point of F1; eq 20 becomes

« 0@,
Qx 6"-’],(1') sp

To find the saddle point we need to minimize Fr with
respect to each py(r), wp(r), and 5(r) subject to the
constraint of constant particle numbers

(pplr)) — 21

fdr pp(r) =N, 22)
This minimization yields
W m+a+18=0 @23)

5Pp(r) Pop
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+N‘ @ _y 24
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pp(T)
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where the A; are the Lagrange multipliers associated with
eq22. According to eqs 21 and 24, the saddle point values
of the py(r) correspond to the ensemble averages (pp(r)).
Equation 25, arising from the incompressibility, makes #
= 0 at the saddle point, and hence the saddle point
approximation to the free energy is

F — F[{p, (w1l (26)

We assume that all A-B interactions are the same,
irrespective of whether the interacting monomers belong
to homopolymers or copolymers. With this assumption,
the interaction energy can be expressed

1
Wlfo,()}] = EZ Wop00,N, +
P

Ups J dr [osa(®) + pca®1loyp(®) + pea(®] 27)

where Wy, and Uag are integrals of the Wyy(r - r/).30
Writing out eq 23 explicitly for the two cases p = HA and
CA

Uslous(®) + o] - wpral®) + Ay + % =0 @
0.

Uslous® + pca(®] - woal®) + Ay + % =0 @
0,

and subtracting eq 29 from eq 28, we find

wia(F) = Agp = wea(r) = Acy (30)

However, the overall level of each potential wp(r) is
arbitrary. For this paper it is convenient to choose them
so that

fara,m=o0 (31)
Integrating both sides of eq 30 and using eq 31, we obtain
Aua = Aca (32)
Thus
wHA(r) = wCA(r) = wa(l') (33)
Similarly
wyg(r) = wcg(r) = wg(l') 34)

Thus at the saddle point, we have two distinct potentials,
wo(r) and wg(r).

We next rescale the mean field potentials, Kuhn
statistical lengths, and degrees of polymerization, in order
to use the explicit solution to the diffusion equation
developed by Hong and Noolandi:3!

&)p(r) = p()pwp(r)/po
BPZ = popbp2/ Po
rup = PoZup/Pos (35)

rce = PoZca/ Pos

A = PoZual Pos
rea = Poleal Poas

rc=rcatres



252 Banaszak and Whitmore

where po is an arbitrary reference density. We also
introduce the local and average volume fractions of each
of the four components

$o(®) = (p,(X))/pgyp (36)
and
¢, = N/ Vg, @37
as well as the overall copolymer volume fraction
éc = bca + bcB (38)
Equation 21 can be rewritten as
¢p(r) = -Vf 5, 0) ——In %’l o (39)

With one final set of changes of variable, + — Zp7, the
modified diffusion equation which the propagators satisfy
is

b2 , . 19
[— %V2 + w,(r) ] Q,(x,7lr) = - ;; EQp(l‘,‘rlr') (40)

They satisfy the initial condition
Qp(r,0lr) =4(r-r) (41)

We next use these results to calculate the saddle point
approximation for the free energy, eq 14, which we can
write as

F=F,_+AF (42)

where Fion is the free energy of a homogeneous bulk phase
of the A-b-B/A/B blend and AF is due to inhomogeneities.
For the homogeneous phase wp(r) = 0, in which case eqs
40 and 41 are easily solved, with the result that @, = V
for all x. Thus

Fpom = Z WoppooNp + PoaPos Uyploua + dcalldup +

N,

bepl + Y N{ln—-1) (43

¢cal ZN( zVv ) @
We can subtract from this the free energy of a fully demixed
system, Fr. Dividing by the total volume V and the
reference density po used above, we are left with the free
energy density of a uniform, homogeneous blend relative
to fully demixed, homogeneous systems:

C
= Z~ In &, + x$.5 (44)

Here we have identified Uappoapon/po as the Flory inter-
action parameter x,3° and ¢, and ¢z are the average volume
fractions of A and B in the system, ¢, = ¢ca + ¢ua and
és = écB + dus.

The remaining free energy density is that of a mi-
crophase-separated system relative to the homogeneous
blend. For this, it is convenient to work with Fourier
transforms of ¢p(r), @p(r), and @p(x,7|r’), which we label
qbp(k), wp(k), and Qp(k,7/k’). Equation 39 can be trans-
formed to

forallk =0 (45)
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With this, Af can be written:
AF
A
f= Vpo

= f (——)x[tbm(k) + deal)] [dyp(-k) +
1l'

ben0] -~ [~ 575 aa -k -
CB VJ‘ (2#)3; P p

¢ ax In QK
—In— (46)
;rk V
and the “prime” on the integration symbol means to

exclude k = 0. Introduce the local volume fractions of A
and B at each point:

D (F) = dyp(x) + da(D) 47
and

¢5(r) = ¢pyup(r) + dcp(r) (48)

which, because of incompressibility, satisfy ¢.(r) + ¢s(r)
= 1. In Fourier space they satisfy

bs(k) = ~p,(k) fork =0 (49)

Equation 46 can now be transformed to

Af-—f

x¢ (k) (ko) -

f/dk 3 (k) @ (-k CJ’“I 2 50
” (21)321):%( ) @ )~er n (60)

2.3. Fourth-Order Expansion. At this point we
further approximate our expressions, invoking a pertur-
bative solution to the diffusion equatlon 3 For any
potentlal wp(k) Qp(k,-r|k’ ) can be gwen as an expansion
in the wp, which can be integrated as in eqs 10 and 11 to
yield

CQ‘ Cr)” ) (-r R
r)!

v — T E @@y + o (51)

where i = (i,k)), ©; = w;(-Kk), and summation over subscript
and integration over wavevector are implied by repeated
indices. The functions gj; ; are given in ref 31 and the
Appendizx.

Using eq 51 in an expansmn of the last term of eg 50
and further simplifying by using &, and ws in place of wya,
etc., Af can be expressed

1 dk - - 1 dk .~ -
=5} T x9.(k) ¢4(k) - 5 ) ——[¢,(k) w,(-k) +
PJ b0 Byt - )3[¢a( ) oy (k)

- ~ 1 -~
¢p(k) we(-k)] - 2V‘9u“’t“’1 + 6V§ijkw-wwk -

24Vgl]klwt ‘wkwl (52)

with the detailed coefficients given in the Appendix.

We next need comparable expansions for the thermal
average density distributions, eq 21 or 45. Since eq 51 is
valid for any potential, it can be differentiated as indicated
in eq 45, and then the derivatives can be evaluated at the
saddle point. This results in expressions for the four ¢p,
given in terms of the two potentials w, and ws. Adding
pairs of these expressions as indicated in eqs 47 and 48
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yields, for k = 0

¢;(k) = =G 0; + %gijkw}wk - %gijkl“’)wkwl (53)
for i,j,k,l = a or 8, and the §’s are the same as in eq 52.
This could be substituted into eq 52, and the resulting
expression for Af minimized with respect to the potentials.
However, it is convenient to first invert eq 53. Up to third
order, and for k # 0, this yields

a;(k) = I‘?j<7>j + T?,-k&;j&k + F?ju&j&’ka’l (54)

where the I'’s are given in the Appendixz. Substituting eq
54 into eq 52 and using eq 49, we have

A =Y 20,7k, B, (k) B,k +
ky

DOk ke, k) Boky) Bolks) Bo(-kyky) +

klrk2
E /f( 4)(k1’k2’k3,'k1'k2‘k3) a’a(kl) X
ki ko k3

<7>a(k2) <7>a(k3) &’a(_lﬁ'kz_ka) (55)

where the prime on the sums means to exclude k; = 0. The
coefficients f2, f@, and f% are listed in the Appendix.

2.4. Calculation of Phase Diagrams. In this paper
we calculate phase diagrams of these systems in the weak-
segregation regime, assuming a lamellar structure for the
microphase. To do so, for each system we first calculate
the free energy per unit volume for all compositions, ¢ua,
éup, and ¢c, including Af if so indicated. Because we are
treating the weak-segregation regime, for the purposes of
calculating Af we approximate ¢,(x) by the simple circular
function2428

¢,(x) = ¢, + ¥, cos (kx) (56)

and of course ¢g(x) = 1 - ¢.(x). The second term in eq
56 models the variation of ¢,(x) about its mean value,
with ¥, being the amplitude of this variation. Away from
the order—disorder transition, other wavenumbers must
be included to calculate the density profiles, repeat
distances, etc.,3 but in this paper we make no attempt to
calculate these other quantities.

A consequence of using eq 56 and assuming the lamellar
structure is that only wavevectors of magnitude k appear
in the summations of eq 55, and furthermore the third-
order term vanishes. The remaining sums for f® and ¥
are independent of ¥, and result in an expression of the
form

Af = A(R)W, 2+ BR),* (57)

The next step is to locate the minimum of A(k), say at k*.
If A(k*) > 0 then it indicates that the homogeneous phase
is stable relative to the microphase, and the free energy
density for that blend is f = from. However, if A(k*) <0
then it indicates that the microphase is stable relative to
the homogeneous mixture. In this case we evaluate B(k*)
and minimize eq 57 by calculating ¥, = [-A(k*)/2B(k*)]1/2,
giving
__A®Y’

Af ) (58)
The resulting (negative) value for Af is then added to the
Flory—Huggins free energy fhom, to give the free energy
density of a single phase at that composition.

This produces a full free energy surface for the system.
From thissurface we next locate order—disorder transition
lines, where A(k*) = 0, and the spinodals for macrophase
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separation, where, e.g.
& 32

{ g

LN bH49¢nB

2 62

Tongon? o

d’HB ¢HA 6¢H3

Having located the spinodals, the next step is finding
the tie lines and binodals. Two phases coexist at points
1 and 2 of the phase diagram if there exists a plane which
is tangent to the free energy surface at those two points
but which lies below it everywhere else.?® Such a pair of
points is connected by a tie line, and the locus of these
pairs of points constitutes binodal lines. Ifthereisaplane
which is tangent to the free energy surface at three different
points but which lies below it elsewhere, then these three
points enclose a three-phase region. In this paper we
congider two- and three-phase regions.

Our numerical procedure for finding the tangent planes
is based on that of Hsu and Prausnitz?” and consists of
minimizing a convenient function of three (for a two-phase
region) or six (for a three-phase region) variables.

3. Results

3.1. Symmetric Model Systems. Even for ternary
systems which do not undergo an order—disorder transition,
e.g., those described by a simple Flory-Huggins model for
the free energy, there is a multitude of possible phase
diagram topologies.3® In this paper we consider some of
the interesting possibilities for systems which undergo both
microphase and macrophase separation. For reasons
identified above, we limit the discussion to the weak-
segregation regime but reemphasize that even here the
results should be considered primarily as guides to the
behavior which can occur.

We begin with model system calculations for which all
reference densities and Kuhn lengths are taken to be equal.
For purposes of illustration, we choose copolymers with
Zc = 400. Perfectly symmetric copolymers with this value
of Z¢ microphase separate at xZ¢ = 10.5, or x =~ 0.0263
(in this level of approximation), and this sets the overall
scale of the values of x used here. The other important
system characteristics are the composition of the copol-
ymers, i.e., Zca/Zc, and the degrees of polymerization of
each homopolymer relative to the copolymers.

The value of x depends at least on temperature and in
general on degrees of polymerization and concentrations
as well. However, in this paper, for each blend we neglect
its dependence on overall concentrations and do not need
to relate it directly to either temperature or degrees of
polymerization.

Our first three sets of calculations are for what we call
a symmetric system, containing copolymers with Zgy =
Zce = Z¢/2 and homopolymers with equal degrees of po-
lymerization, Zus = Zyp = Zy. Figure 1 shows four phase
diagrams for the case of relatively low homopolymer mo-
lecular weight, Zy = Z/8, which is Zy = 50 in this case.
For xZ¢ < 10.5 (not shown) the system is in a single
homogeneous phase for all compositions. Asy isincreased
beyond this value, e.g., the temperature is lowered, the
first feature which appears is microphase separation of
the pure copolymer. This is illustrated in the first panel
of Figure 1, for which xZ¢ = 12. Addition of these low
molecular weight homopolymers in any proportion tends
to dissolve the microphase, but there is no macrophase
separation anywhere on the diagram. (In principle, there
is a small two-phase region between the M and H regions
which vanishes in this approach.) Thus there are only a
single microphase region, M, and a single homogeneous

=0 (59)
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22400 Zy=50
8-p-A B-p-A

{a) x= 0.03 (b) x=0.041

Figure 1. Calculated phase diagrams for a model symmetric
ternary A-b-B/A/B blend with copolymer degree of polymeri-
zation Z¢ = 400 (Zca = Zcp = Zc/2), homopolymer degrees of
polymerization Zys = Zuyg = 50, and four values of the Flory
interaction parameter as indicated. All reference volumes p,
and Kuhn statistical lengths b, are taken to be equal. In each
of these diagrams, the apex of the triangle represents pure
copolymers, and each of the other vertices represents pure A or
B homopolymers. Each edge represents a binary blend, and each
interior point represents a ternary blend. Regions where asingle
homogeneous phase is stable are labeled H, and those where a
single microphase is stable are labeled M. Two-phase regions
are indicated by explicit labels, such as HH or MH, and/or by
the presence of the straight tie lines. In these cases the two
coexisting phases are indicated by the two phases in which the
tie lines terminate. There is a triangular three-phase region in
each of panels ¢ and d (very small in panel c), bounded by 3
two-phase regions.

phase region, H, on this diagram. As the value of x is
further increased up to the point where xZy = 2, the only
change is an increase in size of the M region. Beyond this,
the binary homopolymer blend phase separates, creating
atwo-phase HH region near the base of the phase diagram.
The second panel of Figure 1 corresponds to the case where
this has begun. It is also apparent from this panel that
the microphase is relatively stable near the isopleth, i.e,
along the vertical line on the phase diagram from the apex
of the triangle to the base, along which the overall A:B
composition ratio is 50;50. Along the isopleth, in this case
the microphase persists to copolymer volume fractions as
lowasabout 15%. By contrast,in each binary copolymer/
homopolymer blend it persists only to about 40% copol-
ymer content. With a further increase in x, the regions
of microphase and macrophase separation overlap, as
indicated in the third panel of Figure 1, for which x =
0.043. At this point the phase diagram has become quite
rich, exhibiting single-phase M and H regions, a two-phase
HH region at the base of the triangle, two-phase MH
“fingers”, and a very small three-phase region. (It also
indicates tiny two-phase MM regions at the tip of each
“finger”, but the reliability of such details is almost
certainly beyond the capabilities of the current approach.)
In the final panel of Figure 1, x is further increased so that
the binary copolymer/homopolymer blends macrophase
separate. For each such binary blend, there is an MM
region, but it gives way to an MH region if there is even
a small amount of the other homopolymer present. It
should also be pointed out that there is probably even
further structure to these diagrams because of the pos-
sibility of other morphologies.

Perhaps the most interesting feature of Figure 1 is the
predicted relative stability of the single M phase near the
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Figure 2. Slices of the free energy surface as a function of ho-
mopolymer A content for the blend of Figure 1 with x = 0.045
and different copolymer volume fractions ¢¢ as indicated. In
each case, the solid line is the full free energy density, the dashed
line is from, and the difference is Af. For each curve the horizontal
axisisrescaled by afactor equal to the total homopolymer content,
¢u = dua T dus.

isopleth. It persists to very large homopolymer content
but is destabilized by disparate amounts of A and B ho-
mopolymers. This result is consistent with the experi-
mental finding of Tanaka et al.® for PS-5-PI/PS/PIblends,
who found the long-range order persisting to copolymer
volume fractions as low as ¢c = 0.1. The behavior can be
understood physically by considering horizontal “slices”
of the free energy surface, shown in Figure 2 which is for
x = 0.045, which corresponds qualitatively to panel ¢ of
Figure 1. These slices do not represent the phase
separation quantitatively, because not all the tie lines are
horizontal, but they illustrate the controlling features. The
top curve shows the free energy for near-zero copolymer
content, ¢¢ = 0.02, which corresponds to a horizontal line
very near to the base of the associated phase diagram.
There is a region of negative curvature near the center of
this curve, which causes macrophase separation to two
homogeneous phases, consistent with Figure 1c or 1d. In
this case the binodal points correspond to the two minima
in the free energy. The other sets of curves, which
correspond to progressively more copolymer content,
illustrate that there is a competition between the Flory-
Huggins free energy of mixing which tends to induce mac-
rophase separation and the free energy of the microphase
which tends to stabilize the microphase, with maximum
effect near theisopleth. For very small copolymer content,
Af is too small to have an effect and the system continues
toseparate to two homogeneous phases. However, further
increasing the copolymer content, the second set of curves,
both increases the magnitude of Af at the center and
reduces the tendency toward macrophase separation. This
stabilizes the microphase near the isopleth, but there are
still unstable regions on either side of the central minimum,
which induce macrophase separation. Following this curve
across from left to right would indicate a sequence of phases
of H—~ HM — M — MH — H. This corresponds
qualitatively to horizontally traversing Figure lc or 1d
from a single H region, through an HM “finger”, through
the central M region, and so on to the other side. With
a further increase in copolymer content, the third set of
curves, the regions of negative curvature shrink and then
disappear, implying a sequence H — M — H, and the
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Figure 3. Stability limits for the macrophase (—) and mi-
crophase (- — -) transitions for the copolymer/homopolymer blend
used in Figures 1 and 2, along the isopleth. The horizontal lines
correspond to the values of x used in Figure 1.

microphase persists over more of the “slice”. This cor-
responds qualitatively to a traverse of Figure 1lc, passing
just above the MH “fingers”. Finally, for large enough
copolymer content, the last set of curves, the microphase
M persists over the entire slice, as in the uppermost regions
of Figures 1c¢ and 1d.

Figure 3 gives a complementary perspective on this
system, showing the stability limits for macrophase and
microphase separation>83 along the isopleth, i.e., ¢ua =
¢uB, with ¢¢ varying from 0 to 1. The horizontal lines
indicate the values of x used in Figure 1. The slopes of
the phase boundaries, both of which are monotonic in this
case, indicate that these copolymers tend to stabilize mi-
crophase separation but reduce the tendency toward mac-
rophase separation. Moving down the isopleth from the
apex to the base of the triangle of Figure 1a corresponds
to moving from right to left along the lower horizontal line
of Figure 3. In both cases, the phase changes from M to
H at ¢c =~ 0.7. Moving down the isopleth in Figure 1b
corresponds to moving along the second line in Figure 3,
with the sequence of phases M — H — HH. Finally, the
isopleths in Figures 1c and 1d correspond to the two top
lines of Figure 3, with the implied sequence of phases being
M to a macrophase-separated system, without an inter-
vening single-phase H region.

Figure 4 is for a system which is the same as that
discussed in Figures 1-3 except that the homopolymer
degrees of polymerization are increased to Zu = Z¢/4, so
that the molecular weight of each homopolymer is one-
half that of the corresponding block of the copolymer. In
this case, for x < 0.02 there is no structure to the phase
diagram. As x is increased, the first feature to appear is
the macrophase separation of the two homopolymers; the
first panel shows this for x = 0.022. The next panel is for
the case x = 0.025, for which xZ¢ = 10, and so the copolymer
does not microphase separate. Furthermore,addingeither
A or B homopolymers to the copolymer (binary blends)
induces neither microphase nor macrophase separation.
This is consistent with earlier results for binary systems.52
However, addition of A and B homopolymers in nearly
equal proportions, i.e., near the isopleth, induces both,
resulting in a new feature for the phase diagram. Starting
at the top of the isopleth, adding homopolymers induces
microphase separation at about 70% homopolymer. Fur-
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Zc=400  Z4=100
B-b-A B-b-A

(o) x =0.022 {b} x =0.025

Figure 4. Calculated phase diagrams for a model symmetric
A-b-B/A/B blend for a copolymer with Z¢ = 400 as in Figure 1,
homopolymer degrees of polymerization increased to Zya = Zyp
= 100, and three values of x as indicated. The notation is as in
Figure 1.
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Figure 5. Stability limits for the macrophase (—) and mi-
crophase (— — -) transitions for the copolymer/homopolymer blend
used in Figure 4, along the isopleth.

ther additional homopolymer induces macrophase sepa-
ration, and in this region of the phase diagram there are
two-phase MH regions as well as a three-phase region.
Below this is an HH region. Larger values of x increase
the tendencies toward both kinds of phase separation.
Figure 4c is for the case in which it is increased slightly,
enough so that the neat copolymer microphase separates
but not enough to induce binary copolymer/homopoly-
mer blends to macrophase separate.

Asillustrated in Figure 5, for this system the two stability
limits along the isopleth are again both monotonic, but
this time their slopes have the samesign. Forlarger values
of Zu/Z¢ (not shown) the slopes of both lines increase in
magnitude. The case illustrated is, in fact, very near the
one in which the microphase stability limit is nearly
horizontal as ¢c — 1. A horizontal boundary in this limit
would imply that small amounts of homopolymer tend to
neither stabilize nor destabilize the microphase. This
implies in turn that, as for binary copolymer/homopoly-
mer blends,32 there is a threshold such that if Zy exceeds
this threshold, then small amounts of homopolymer tend
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Zc =400 Zy*75
B-b-A B-b-A

(a) x=0.028 {b) x = 0.030

Figure 6. Calculated phase diagrams for a model symmetric
A-b-B/A/B blend for copolymer with Z¢ = 400 as in Figure 1,
homopolymer degrees of polymerization Zys = Zus = 75, and
three values of x as indicated. The notation is as in Figure 1.

to induce microphase separation, but lower molecular
weight homopolymers tend to destabilize it. In both cases,
for these model systems with symmetric copolymers, we
find that this threshold is very close to Zy = Z¢/4.

Finally, Figure 6 contains phase diagrams for the
intermediate case Zy = 75 ~ Zg/5.3. In this case, for x
< 0.0263 the phase diagram is featureless. Copolymer
microphase separation and homopolymer macrophase
separation both appear at x ~ 0.0265, as illustrated in the
first panel for which x = 0.028. Inthis case small amounts
of these relatively low molecular weight homopolymers
tend to destabilize the microphase. However, as seen in
Figure 6b, the theory predicts a new effect for thissystem.
Although small amounts of homopolymer destabilize the
microphase, additional homopolymer can then restabilize
it. The sequence of phases along the isoplethis M — H
— M — macrophase separation. This is, however, a very
delicate effect; a slight further increase in x, such asto a
value of 0.032 as in the last panel of this figure, causes it
todisappear, and furthermore the phenomenon might well
be eliminated by other effects such as a composition-de-
pendent x or fluctuation effects.

The predicted existence of two distinct M regions in
Figure 6b can be related to the stability limits, shown in
Figure 7. The important point is that the stability limit
of the microphase in this case is nonmonotonic. Initially,
addition of homopolymer destabilizes the microphase, but
this tendency reaches a maximum near ¢¢c ~ 0.2 and for
greater amounts of homopolymer this phase boundary
turns downward for a short interval before macrophase
separation occurs.

This phenomenon could also be explored by small-angle
X-rayscattering (SAXS) from the homogeneous phase.%2*
The intensity of such scattering is proportional to the
inverse of the coefficient of the second term in the free
energy expansion, f® of eq 55. The scattering from a fully
symmetric system with compositions which place it on
the isopleth can be expressed4’

Stk) ]
1) « | 35 —2 (60)
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Figure 7. Stability limits for the macrophase (—) and mi-
crophase (- — ) transitions for the copolymer/homopolymer blend
used in Figure 6, along the isopleth.

where k is the magnitude of the scattering vector, and

Sk)

-1
W [¢c—8—[g‘2’ (k,~k) - gGA(k)*] + ¢H—g‘2’(k,—k>]

(61)

where ¢y is the total homopolymer volume fraction and

g2 could refer to either homopolymer. For the special
case x = 0, this reduces to

I(k) « ¢z 8[g‘”<k -k) - g“’<k>21+4>H HeDk~k)  (62)

There are two terms in eq 62, proportional to the
copolymer and homopolymer volume fractions, respec-
tively. The first peaks at a finite wavenumber, whereas
the second peaks at 2 = 0. In general, as homopolymer
issubstituted for copolymer, the peak in J(k) moves toward
zero wavenumber, but the value at maximum can either
increase, which signals the case in which the homopoly-
mer tends to stabilize the microphase, or decrease, which
signals the homopolymer tending to destabilize it.

The scattering profiles for x = 0, i.e., eq 62, for the
system used in Figures 6 and 7 are shown in Figure 8.
They are presented as a function of Rgk, where R, is the
unperturbed radius of gyration of the copolymers, Rg2 =
Zcb?/6. The first panel is for pure copolymer; the peak
occurs at Rgk* = 1.95, which is equivalent to Z¢(k*b)? =
22.7, and has the value I(k*) = Z¢/21. The second panel
is for ¢¢ = 0.5, which shows the copolymer and homopoly-
mer contributions as well as the total. The resultant peak
has moved toward £ = 0 and in this case has decreased in
value. This is consistent with Figures 6 and 7, in which
addition of homopolymer initially destabilizes the mi-
crophase. The third panel, which is for ¢¢ = 0.2, is similar.
However, for the case ¢¢c = 0.15, shown in the last panel,
the peak value has increased slightly, consistent with the
reappearance of the M-phase region in Figure 6b.

3.2. Asymmetric Model Systems. We consider next
two model systems in which the reference densities and
Kuhn lengths are again equal but the degrees of polym-
erization arenot. Inthe first, we use symmetric copolymers
but choose different homopolymers, Zus # Zyg, and in
the second case choose asymmetric copolymers but Zya
= Zus.
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Figure 8. Calculated scattering curves for the ternary system
of Figures 6 and 7 for four different compositions ¢c as indicated,
along the isopleth. Each figure shows the total curve (—), the
contribution proportional to ¢c (——-), and the contribution
proportional to ¢y (- - -).
Zo =400 Zye= 200
Z"A =50

B-b-A B-b-A
(b) x20.026

{a) x=0.024

) A e A
Figure 9. Calculated phase diagrams for a model A-b-B/A/B
blend with a symmetric copolymer with Zc = 400 as in Figures
1-8 but with homopolymer degrees of polymerization Zy, = 50
and Zyp = 200 and two values of x as indicated. The notation
is as in Figure 1.

Figure 9 shows phase diagrams for the symmetric
copolymer, Zc = 400, but Zya = 50 and Zyg = 200. Inthis
case the first feature to appear is homopolymer phase
separation, occurring for x = 0.0225; the first panel of
Figure 9 is for x = 0.024, where this phase separation is
seen. Increasing the value of x to 0.026 produces the
diagram of the second panel. In this case xZ¢ = 10.4, just
below the threshold for pure copolymer microphase
separation. Addition of the relatively high molecular
weight B homopolymer (binary blend) induces microphase
separation but not macrophase separation, whereas the
relatively low molecular weight A homopolymer induces
neither. In the ternary blend, both types of phase
separation occur.

Therelative stability of the single M phase appears here
as well. In this case it falls primarily within the region of
the phase diagram where there is more homopolymer B
than homopolymer A, corresponding to an overall excess
of B type monomer in the system. This is consistent with
the tendencies of the relatively high molecular weight B
homopolymers to stabilize the microphase and the low
molecular weight A homopolymers to destabilize it.

Figure 10 shows calculated phase diagrams for a system
with Zca = 240 and Zcg = 160 and Zya = Zyg = Zy = 50
asin Figure 1. The effects of asymmetry in the copolymer
can be observed by comparing Figure 10 with Figure 1. In
this case, the copolymer composition is 40:60 and so is
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Zcp=160 2,450
Zea® 240
B8-b-A
(@) x=0.03 M (b) x=0.041
A '
B A

Figure 10. Calculated phase diagrams for a model A-b-B/A/B
blend with Z¢ = 400 as in Figures 1-9 but with asymmetric
copolymers with Zcs = 240 and Zcg = 160 and homopolymer
degrees of polymerization Zys = Zyp = 50. The three panels
correspond to three values of x as indicated. The notation is as
in Figure 1.

Copolymers Zpg=145 Zpy=240
Homopolymers Zpg=80  Zp;=160

x = 0.029

PI-b-PS

Figure 11. Calculated phase diagram for PS-b-PI/PS/PI, using
measured values of the Kuhn statistical lengths and monomer
volumes, degrees of polymerization as indicated, and x = 0.029.

probably very close to the lamellae-cylinders boundary.
The first feature to appear is copolymer microphase
separation, occurring for x = 0.0284; the first panel is for
x = 0.030. Both homopolymers tend to destabilize the
microphase, but the A homopolymer sooner than the B
homopolymer. This is reasonable since additional A ho-
mopolymers drive the overall composition ratio even
further from 50:50, whereas additional B homopolymers
drive it toward 50:50. Increasing the value of x to 0.039
causes the binary copolymer/B homopolymer blend to
phase separate, and then at x = 0.04 the homopolymers
also phase separate. Both these features are present in
the second panel of Figure 10, for which x = 0.041. With
further increases in x, the phase-separated regions further
overlap, resulting in an asymmetric phase diagram such
as that of the third panel, for which x = 0.043.

3.3. Real Systems: Polystyrene/Polyisoprene. As
a final application, Figure 11 shows a calculated phase
diagram for a ternary PS-b-PI/PS/PI mixture. These
copolymers and copolymer blends have been studied
extensively experimentally, for example, by Hashimoto
and co-workers.1® For this calculation, we specified the
copolymers to have Zps = 145 and Zp; = 240, correspond-
ing to samples used in a number of experiments.®57® The
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volume fractions for the neat copolymer system are ops
~ (.45 and ¢p; =~ 0.55. To obtain an interesting phase
diagram, for the homopolymers we chose Zy ps = 80 and
Zypr = 160, which are about 55% and 66% of the cor-
responding blocks of the copolymers.

Wealso used independently determined Kuhn statistical
lengths and reference densities:41

by =068nm py, =6.07 nm™ (63)
for styrene and
by =0.59nm  pyz = 8.07 nm® (64)

forisoprene. Finally,to keep the entire blend in the weak-
segregation regime, we chose x = 0.029, which is close to
measured values for neat copolymers (especially to the
“effective” interaction parameters for systems diluted with
nonselective solvent).?

As seen in the figure, for these choices the theory
indicates that the pure copolymer is microphase separated.
Addition of either homopolymer PI or PS dissolves the
microphase, but more PS (about 50%) than PI (about
15%) is required. This is consistent with the fact that as
homopolymer PS is initially added to the copolymer, the
overall PS:PI composition ratio changes from 45:55 toward
50:50, an effect which would tend to stabilize the mi-
crophase relative to the homogeneous phase. However, it
is perhaps surprising because the homopolymer PS has
the lower molecular weight, both in absolute terms and
relative tothe corresponding copolymer block, which would
of itself indicate that the PS would have the greater
tendency to destabilize the microphase. The actual
behavior is governed by a competition between these two
effects.

The binary homopolymer blend exhibits macrophase
separation, but neither one of the binary copolymer/ho-
mopolymer blends does. For theternary blends, the single
phaseis predicted to be relatively stable near the isopleth,
asin the earlier cases. Infact, the topology of this diagram
is most like that of Figure 4c; the differences are due
primarily to the asymmetry of the components,

The persistence of the single microphase to very low
copolymer content is consistent with the experimental
result of Tanaka et al.,® who used these copolymers but
lower molecular weight homopolymers. A full quantitative
theoretical-experimental comparison would require per-
forming similar calculations using appropriate homopol-
ymer degrees of polymerization and values of x, which
would place the pure copolymer system outside the weak-
segregation regime.

4. Summary

Wehave extended and applied the mean field formalism
developed by Hong and Noolandi to calculate phase
diagrams for ternary A-b-B/A/B copolymer/homopoly-
mer blends in the weak-segregation regime. The method
calculates the polymer distribution functions via pertur-
bative solutions to the modified diffusion equations, and
these are used to express the free energy density as an
expansion in terms of thelocal density of A (or alternatively
B) monomers, with contributions from both homopoly-
mers and copolymers. The microphase separation tran-
sition was approximated as the condition for the homo-
geneous phase to be unstable relative to the lamellar
microphase. This approach does not include fluctuation
effects,?” numerical solutions to the self-consistent-field
equations,®33 or equation of state effects. Because of these
limitations, we made no attempt to discriminate between
different morphologies (lamellae, cylinders, spheres).
Instead we explicitly assumed the lamellar structure and
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restricted our attention to systems in which the copolymer
block degrees of polymerization Zc, and Zcg were chosen
so that A and B volume fractions in each copolymer
satisfied fo ~ fg ~ 0.5. Even for these systems there is
probably more structure to these diagrams than we exhibit
due to the existence of other morphologies throughout
the phase diagram. The approach can be thought of as
the simplest treatment of these systems which incorporates
microphase and macrophase separation, and the results
should be considered primarily as guides to behavior which
can occur. The method is a modification of earlier
treatments of binary copolymer/homopolymer blends.3.:32

When modeling the blend we assumed that each phase
is either homogeneous or an ordered microphase. We used
amodel of micelle formation developed earlier to identify
ard thereby avoid systems in which disordered micellar
phases form,% and we assumed that at equilibrium only
an insignificant fraction of the copolymers migrates to
interfaces (for those cases where macrophase separation
occurs).

Most of our results were presented as phase diagrams
for symmetric and asymmetric model systems in which
we chose the Kuhn statistical lengths and the monomer
volumes to be equal for all components. We found that
even for simple systems a variety of topologies occurs.
One feature which appeared in a number of cases, and
which is consistent with at least one set of experiments,?
is the relative stability of the microphase for blends with
overall A:B compositions near 50:50. This was particularly
noticeable for those cases in which both microphase and
macrophase separation occurred.

We also examined the phenomenon of induced mi-
crophase formation. For a fully symmetric model system,
Zca = Zc = Z¢/2, Zua = Zup = Zy, a small amount of
homopolymer tends to stabilize a microphase inthe ternary
blend under the same conditions as in the binary blend,
i.e., if Zy 2 Zc/4. However, the theory predicted two
additional effects. First, for some cases homopolymers
can induce the microphase in the ternary blend when they
do not in either corresponding binary blend; i.e., an M
region appears near the center of the phase diagram.
Second, homopolymers of relatively low molecular weight,
namely that for Zy ~ Z¢/5.3, tend to first destabilize the
microphase and then to restabilize it. This phenomenon
would likely be very hard to observe directly, but it might
be possible to explore it using small-angle X-ray scattering
from the homogeneous phase.

We also considered model systems in which the reference
densities and Kuhn lengths were equal, as before, but the
degrees of polymerization were not. In one case we used
symmetric copolymers mixed with homopolymers which
had unequal degrees of polymerization, and in the other
we used asymmetric copolymers mixed with homopoly-
mers with equal degrees of polymerization. We ended
with a calculation for PS-5-PI/PS/PI, using appropriate
monomer volumes and Kuhn statistical lengths and a
reasonable value for the interaction parameter. Such
calculations allow one to explore some of the competition
between the effects of overall A:B concentrations and
individual degrees of polymerization on the compatibility
and morphologies of these blends. For example, in the
case studied, addition of homopolymer PI had more of a
tendency to destabilize the microphase than did addi-
tionof homopolymer PS, despite the fact that it had the
higher molecular weight.
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Appendix: Expansion Coefficients

This Appendix lists the coefficients needed in section
2. Throughout, repeated indices imply summation and
integration over wavevector.

The first expansion in the text is for @,/ V, eq 51, which
involves the gf .. These are given explicitly in ref 31; here
we reproduce their form. For homopolymer, « = HA or
HB, g; ; is nonzero only if i = ... = j = «, in which case

g ;= ek, + .. + kg (k.. k) (65)

For copolymers, « = C, then i,...,j must be either CA or

CB, and then

g ;= @mk; + ... + K)f\"fa" "8CR (k; + ... + k) X
gk, + ...+ k) (66)
where ; = ... = x; = A, m subscripts, k, = ... = «j, (n —m)
subscripts, and fa = rca/rc, fB = rcs/rc (see eq 35). The
functions g™ of eqs 65 and 66 are given in ref 31.

In the next expansion, eq 52, i,j,... = a or 5. Each term
can be written as a sum of homopolymer and copolymer
contributions:

9= rupbupgy + redoss (67)
iix = rieupkin + 7 EbcEin (68)
= 3 - 3 c.c
Sim=r ?{Pd’HP(gglfl - vgi}}P klpaik) +r ?:‘bc(ggkt - ‘—)gijgkl)
(69)

with i, j, k, and | = « or 8, and HP denotes the homopoly-
mer indicated by i, e.g.

g = 58+ 5081 (70)
rupupl = 0,7 HAPHAZL + BT upbupsl; . (71

etc.. The 9’s are also used in eq 53.

The coefficients of eq 54, which arise from inverting eq
53, involve the inverses of the §’s:

r,=-[91} (12)
Dye = ISTE TSI (73)

Tijn = [91“[gl;;gpqs[m;}gm[g];kw];,‘
[9]“[91“[91;§[91 e (14)

For the final expression for the free energy, eq 55, it is

convenient to introduce first the related quantities /.
We list the four second-order ones explicitly and the rest
more generally:

FOk, k) = [91‘1 &,k (75)
o,k = Fok,k,) = §(x + [91,5(k,,~k,)) (76)
12 0k,,-1ey) = Z19T550,,-key) 7

Pk, ko k) = ——2[91‘1<k1, k) X
81-7(1

(975 (ki ko) [Tt (kg kg) &, (e Ko Keg) (78)

spq
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ﬁﬂl(kl,k2,k3,k4) =
'—ZW] (I, k) 19772 ey -l (151 0kykey) X
qut
(91 (kK8 g Ky Ko K5 k) + = Z[g] (k,k,) X

'pgsruvt
(9155 (Ko, ko) (Ko koK ko) ST (e ok k) X
8,k ko, Ko K ) [9150 k5, -k [81; (k) (79)

Defining
_1 ifi=«a
then
P ek = Z Pk, k) A, (81)

Ok, k, k) = Z: Dk ko k008,  (82)

t

4, by ke ko) —; 0k, ke, ke k) AA AL, (83)

ikl
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