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ABSTRACT: Previous theories describing the phase behavior of copolymer blends have ignored the sequence
distribution of monomer units in the copolymer. We introduce a parameter, 6, that describes the binary sequence
distribution of the monomers in a copolymer chain. By varying 8, we can describe a block, random, or alternating
copolymer. It is assumed that the interaction energy between a monomer of homopolymer C and the monomer
A (or B) in the copolymer AB is mediated by the nearest neighbors chemically bonded to the A (or B) structural
unit. It is found that the sequence distribution may significantly affect the degree of compatibility between
the polymers AB and C. For a fixed composition, there is an optimal range of 8 values (or sequence distributions)
for which the C/AB system is miscible.
Introduction Table I
By mixing compatible polymers, it is possible to create Interactions of a C Unit with an A-Centered Triplet
a blend having more desirable properties and a greater terms  configuration probability
variety of applicability than those of the individual com- B PN 2
ponents. Much current research has centered on searching XBAB:C AcoC A—‘iq; Adc = ZAB ABOC
for such pairs of mutually miscible polymers. Conse- B fa fa
quently, understanding the factors that effect miscibility
is of great interest. Recent studies'™® have extended the XBAAIC i - C ZE_PJLAQ, abC = ofBAL AR BoC
formalism of the Flory—-Huggins*5 theory for mixtures to A fal Ta
explicitly include interactions between the covalently
bonded monomers of copolymers. Specifically, for a XAAB:C A
polymer/copolymer system, miscibility can be caused by g —C
a “repulsive” interaction between the monomeric units of
the copolymer being diluted by the homopolymer. Xaaaic A faa’ _ faA’
A major drawback common to all Flory—Huggins type ﬁ «>C X oafc fa ?aB®C

theories for mixtures involving copolymers is that no
distinction is made between copolymer types (random,
block, etc.). Herein, we present a theory that lifts this
restrictive aspect of describing systems of copolymer
blends. For a copolymer of fixed composition, we examine
the effect of sequence distribution on copolymer/polymer
miscibility. This is done by introducing an order param-
eter 4 that allows us to distinguish between block, random,
or alternating copolymers. Further, we assume that the
interaction energy between a monomer of the homo-
polymer C and the monomer A (or B) in the copolymer
chain is mediated by the nearest neighbors chemically
bonded to the A (or B) structural unit. This intuitive
notion seems particularly appropriate if one or both units
of the copolymer are polar molecules. We fit these ideas
into the framework outlined by ten Brinke, Karasz, and
MacKnight? (to be described in more detail below) and
investigate the effect of varying 8 on the window of mis-
cibility for polymer/copolymer systems.

Theoretical Model

The free energy of mixing for a binary mixture of a
homopolymer and copolymer is given byl

AG/RT = (¢1/Ny) In ¢; + (¢2/Ny) In ¢ +
b19afxac + (1 = Hxee - F(1 - Hxas} (1)

where x is the parameter that expresses the strength of
the polymer—polymer interaction, f and (1 - f) denote the
composition of the copolymer (AB_), with volume frac-
tion ¢, and degree of polymerization N;, and the homo-
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polymer C has a volume fraction ¢, and degree of polym-
erization N,. This free energy is identical with the usual
Flory-Huggins one when the following identification is
made:

(2

Thus, the single x parameter has been decomposed into
the three separate x’s that are associated with each type
of interacting pair.

Here we will also consider a binary mixture of a homo-
polymer consisting of monomers C and a copolymer com-
posed of monomers A and B, but in addition we assume
that the interaction energy for the C-A pair is influenced
by the units that are chemically bonded to A. This idea
is understandable in terms of the polarizability of a group.
The x;; parameters are related to the product of the
electronic polarizabilities («) for each unit i and j.% Since
it is well-known that « of an atom in a molecule is influ-
enced by the neighbors to which it is chemically bonded
(e.g., electron-withdrawing or -donating groups), it seems
reasonable to expect that x,c will depend on the local
sequence distribution.

In order to consider all the possible homopolymer—co-
polymer interactions, or C-A and C-B interactions, all the
possible triplets with A or B occupying the central site
must be enumerated. Next, the probability of occurrence
for each specific triplet is calculated. Then, an energy
value is assigned to each C-triplet interaction. Table I
illustrates this procedure for C-A interactions. In the first
column is the energy assigned to the configuration found
in the second column, whose probability of occurrence is
given in column 3. A similar scheme can be constructed
for the C-B interactions.

Xblend = fXac + (1 ~ Axpc ~ F(1 - Hxan
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In column 1, the interaction energies have been iden-
tified with the Flory interaction parameter x. The prob-
abilities in column 3 are expressed in terms of f, and fg,
the fraction of A and B molecules, respectively, in a single
copolymer chain. Furthermore, f5p, fgp, and fa4 are the
pair probabilities of AB, BB, and AA pairs in a single
chain. Finally, ¢4, ¢g, dan, and ¢¢ are the volume fractions
of the A, B, AB, and C species, respectively. The variables
listed above are related through the following equations:

fa=Taat fan
fB = feB * fpa
faB = fBa
fatf=1
®a t ¢p = dpB
fadaB = 4
fB®aB = ¢B
$ap t+ éc =1 (3)

For example, consider the probability of the A-C in-
teraction involving the triplet BAA. The probability of
a BAA triplet is equal to fg, times fu5/fa; the latter is the
conditional probability that an A will follow another A.
There are four distinct triplets involving an A central
comonomer unit, and the sum of these four triplet prob-
abilities must equal f,. This implies that the properly
normalized BAA triplet probability equals fapfas/fa2. Now
the mean field pair probability of an A-C interaction is
¢adc, and thus the probability of an A-C interaction in-
volving the BAA triplet is equal to (fspfaa/fa)®apdc.

As can be seen a large number of x parameters are re-
quired to properly describe the energetics. To reduce the
number of parameters, the following simplifications are
introduced: It will be assumed that all A-A and B-B
interactions are equivalent and equal zero. Although there
are 16 possible A-B interactions, all will be assumed
equivalent with average interaction parameter xp. (This
assumption will be relaxed later when AB/A mixtures are
considered.) Additionally, in Table I it will be assumed
for A~C interactions that Xac = xpap.c = XaaBC = XBAAC
# Xaaac are similarly for the B-C interactions Xpc = xapac
= XaBB.C = XBBA:C * XBBB:c- With these approximations
the free energy of the AB/C binary mixture contains the
term ¢pApPcXblends Where

Xblend = Xcomp + Xdist 4)

Xcomp = faXac + feXBc ~ fafBXaB (5)
Xaist = (Fan®/fa)Axa + (fes®/fe)Axs (6)
AXa = Xaaac ~ Xac )

Axs = XBBBC ~ XBC (8)

Note that the composition dependence of xpenq is just eq
2 and that consideration of the comonomer sequence
distribution results in a zeroth-order correction to eq 2 that
is denoted as x4 A negative Ay, implies that AAA-C
interactions are energetically more favorable than any
other A-C interactions, and conversely, a positive Ax,
implies that AAA~-C interactions are less favorable than
all other A-C interactions. Similar comments apply to
AXB.

It is convenient to introduce the parameters 6 and §
defined by

fa = 20fafs 9

fa=%@l+8 fa=%1-8 -1<§<1 (10)
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All other probabilities can be expressed as functions of §
and ¢ by eq 3. A block copolymer corresponds to 8 ap-
proaching zero. Since f,p assumes its mean field value at
8 = 1/,, this value of # describes a random copolymer. If
fa = fa, then the maximum value of f4g equals fg, which
corresponds to the situation where every B unit is bonded
to two A units. Thus the maximum value of 4 is

Omax = (1 + [0 (11)

For a symmetric copolymer (6 = 0), 8., = 1; this describes
an alternating copolymer. More generally 0 < 6 <1/,
describes a “blocky” copolymer, § =1/, describes a random
copolymer, and 1/, < 8 < 8,.,,. describes a copolymer con-
taining “alternating” patterns.

It is easy to show that the average run {(or block) lengths
{n), and {n)g of A and B units are given by

(n)a = fa/fas = 1/[6(1 - 6)]

(n)a = 1/[0(1 + )] a2

Thus, for a symmetric copolymer
(n)g=(n)g=1 6=1 (13a)
(n)a=(n)g=2 §=1Y (13b)
(na=(n)g—>> §—>0 (13¢)

Now with the help of eq 3, x4t can be rewritten in terms
of  and &

Xaist = 72(1 + 8)[1 - 6(1 - 0)]*Axs +
%1 - 9[1-6(1 + 8)]*Axp (14)

Since xg4; 18 quadratic in 6, it will have an extremum at
6, defined by 9x4;/99 = 0. This yields

o = Axa + Axa _ 1
T U+ 0dxp+ (L-0)Axa 1+l-R/(1+R)
(15)
with
R = Ax,/Axs (16)

Note that for a symmetric copolymer ., = 1 for all R.
Either the purely alternating or the block copolymer is
most stable. For asymmetric copolymers (6 # 0) the
analysis is aided by adopting the convention that com-
ponent B is always chosen to be the minor component (fg
< fa) and § is always positive. Now note that if R > 0 and
6 = 0, 6, is not in the allowed interval [0,6,,,,]. If R <0,
then 6, can be rewritten as

1
g =
*T 1T+5(1+ R)/(- R)
and an extremum always appears in xgs; in [0,04.] if |R]
< 1. This is the most interesting case because the possi-
bility exists for a “window” of miscibility or immiscibility.
To decide which is the case, x4 is evaluated at 6,
20,AxaAxB 9
Axa + Axs

If R is negative and |R| < 1, then
Xaist(0) <0 Axa+ Axg >0
(miscibility window) (19a)

AXA + AXB <0
(immiscibility window) (19b)

R<o0 17

Xdist(0e) = (18)

Xdist(ec) >0

When there is no extremum in [0,0,,,.], i.e., when R >
0 or when R < 0 but |[R] > 1, x4;: is a monotonic function
of 8 on [0,0,,,,]. Either the block copolymer (8 = 0) or the
alternating copolymer (4 = 6,,,,) will have the smallest, or
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most stable, value of x4, A criterion can easily be de-
veloped to determine the most stable distribution by ex-
amining the sign of dxg;,/86 at 8 = 1/,. This yields the
result that for fg < f4

fadxa + fedxg > 0
alternating copolymer most stable (20a)

falxa + falxg <0 block copolymer most stable

(20b)

Of course, the above criterion is invalid for R <0, |R| <
1 because xg;: has an extremum in [0,0,,,].

A special case of interest is the AB/C blend where C is
either A or B because it may be an experimentally more
accessible system. Of the 16 possible A-B interactions,
a unique energy is assigned only to the triplet pairs
(AAA-BBB) and (ABA-BAB): xsaappp for the former
and xpap.apa for the latter. The probability of the hom-
opolymer A interacting with the copolymer triplet BBB
is given by ¢,’, the volume fraction of homopolymer A
times the probability of the BBB configuration, which is
¢pfee’/fe> The probability of an AAA copolymer triplet
interacting with the BBB copolymer triplet is given by
1) A¢B(fAA2 / f A2) (fBBz / f B2)’ while the probablllty of an (ABA)
segment interacting with a (BAB) species is ¢o¢p(fas?/
fa9(fag?/fg?. Now the ¢,¢y factor multiplying the co-
polymer—copolymer interactions is rewritten as

dadp = fafedap — fafBda daB (21)

It is important to note that the term linear in the volume
fraction variable (¢,gp) is not important in determining
phase stability or equilibria and is ignored. Hence the
terms in xpenq arising from copolymer—copolymer inter-
actions enter with a minus sign.

The remaining 14 pairs of A-B interacting triplets are
assigned an average value of x,5. In what follows, all A—A
and B-B interactions are assigned a zero interaction pa-
rameter as before. When all terms are collected, the total
expression for the energy of interaction can be written as

®A"dABXblends Where
Xblend = Xcomp + Xdist (22)

Xcomp = XAB(fB2) (23)

f 2 f 4
Xdist = Axb(fBBZ/fB)(l - ;—:) + Ay f:)‘fB (24)

AX® = XaaaBBB — XAB (25)

AX® = XAB — XBABABA (26)

The “a” and “b” superscripts on Ay refer to alternating and
block sequences, respectively. The analogous equations
for the AB/B system are obtained by interchanging the
indicies A and B.

Since the AAA-BBB and ABA-BAB interactions are
extremes (pure block-block and alternating-alternating
triplet interactions), we expect that in most systems Ay?
and AxP will have the same sign. Notice that the positive
coefficient on Ax® varies monotonically as 84, whereas the
positive coefficient on Ax®, which is a more complicated
quartic function of 4, may exhibit an extremum (or ex-
trema) on [0,0,,.]. Thus, “windows” of miscibility and
immiscibility can potentially be observed with AB/A
blends as a function of sequence distribution.

Results and Discussion

Figures 1-4 show plots of xpjenq vs. 8 for various values
of fa and fg. (Xcomp i @ constant that when added to xgis
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Figure 1. Xpjeng V8. 0. Since f4 = fg = 0.5, 8., = 1. The following
values were picked for the relevant parameters: (a) Ax, = ~0.022
and Axp = ~0.063, with xomp = 0.0198; (b) Ax, = 0.025 and Axp
= 0.092, With Xeonp = —0.0173.
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Figure 2. Xyjenq vs. 0. Here f = 0.6, fg = 0.4, and 6, = 0.833.
In both (a) and (b), R <0 and |R| < 1. In (a), where Ax, = ~0.088
and Axg = 0.125 (thus the sum is positive), this results in a window
of miscibility (Xeomp = 0.0117). In (b), Axs = 0.070 and Axp =
—0.100 (a negative sum) and an immiscibility window appears
(Xcomp = —0.0070).

00331 & ;

0.025, T !

N

N

i i I
| ' |
~0,033) [ —o.ozle !
0 ¥ I 0 E] i

Figure 3. Xpjena V8. 8 (f4 = 0.8, fg = 0.4, and 6,,,, = 0.833). Here,
R < 0but |R} > 1 and xy}e,q is @ monotonic function of 4. In (a),
Axa = —0.1140 and Axp = 0.0390; thus the blocky copolymer is
most stable (see eq 20) (xcomp = 0.0194). For (b), Axs = 0.1440
and Axg = —0.1030; consequently, the alternating copolymer is
most stable (xcomp = —0.0277).

to yield xpjeng Will just shift this figure either up or down
with respect to the x4, = 0 axis.}) In what follows, it is
assumed that the polymers involved are of high molecular
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Figure 4. Xpiend V8. (fA = 0.7, fg = 0.3, and O, = 0.714). Now,
R > 0, and again xy,eq is 8 monotonic functlon of 6. In (a), Axa
= —0.1320 and Axp = —0.0950 (Xcomp = 0.0572), while in (b), Ax,
= 0.066 and Axg = 0.0240 (xcomp = —0.0262).

weight; thus a negative xyeng indicates blend miscibility,
whereas a positive xpenq describes immiscibility. Overall,
the plots show that copolymer/polymer systems can be
made miscible by varying . By examining the values of
Ax, and Axg we see that the curves are intuitively correct.
For example, in the case where f, = fg = 0.5 and Ay, and
Axg are both negative, we see in Figure 1a that the C/AB
system is more miscible for a “blocky” (0 < 8 < 1/,) co-

polymer. Likewise, if Ax, and Axg are posmve, we would
expect the opposite trend to occur: xyjeng is negative for
1/, < 8 £ 1. This situation can be seen in Figure 1b.

The convex parabolic form of xyenq in Figure 2 corre-
sponds to a window of miscibility: for the range of § values
that yield a negative x, the polymers are miscible and form
a single phase. On the other hand, the concave form of
Xblend COIresponds to an immisicibility window: for the
range of values that result in a positive xpjeng, the polymers
are immiscible and separate into two phases.

To summarize, previous calculations' have shown that
for the copolymer (A Bl_/),,, there is an optimal range of
values for the composition variable f such that the C/AB
system is miscible. When xyenq is further expanded in
terms of # and the energy parameters for the various triplet
interactions, there exist optimal sequential arrangements
of the A and B monomers for miscibility.

Finally, we comment on the experimental availability
of the parameters used in the equations above. As yet,
there has been no investigation on high molecular weight,
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polymer/copolymer systems where the sequence distri-
bution has been systematically varied. As can be seen in
eq 4-8, there are five x parameters to be determined for
the AB/C blend. In principle, two of these parameters,
Xaaac and xpgg.c, can be determined from A/C and B/C
homopolymer blend data. The remaining three parameters
could be determined from AB/C blend data involving at
least three random (8 = !/,) AB copolymers varying in
composition, or equivalently, at least three copolymers with
different sequence distributions. In the special case of a
symmetric alternating copolymer (6 = 0 and 8 = 1), xgie
= 0 and there are only three x parameters to be deter-
mined: xpapc = Xac» XaBac = XBc: and Xap-

For AB/A systems, there are in general three x param-
eters to be determined. However, for a symmetric block
copolymer (6 = 0 and 6 = 0) there is only one x parameter:
XAAABBB = XAB = 4Xplena- For the symmetric alternating
copolymer (6 = 0 and 6 = 1), there are only two x param-
eters: xapapas ahd XaBaaaa = XaB-

Diad probabilities, or equivalently 6, can be determined
by using 'H and ®*C NMR or can be estimated from known
reactivity ratios.” Deuteration of homopolymer C would
allow Xpjenq to be determined for any miscible AB/C blend
by small-angle neutron scattering (SANS).2 SANS can also
be used to determine x,44.8pp for disordered block co-
polymers.?
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