Polymer Vol. 36 No. 6, pp. 1243-1252, 1995
Copyright ¢ 1995 Elsevier Science Ltd
Printed in Great Britain. All rights reserved
0032-3861/95/$10.00 +0.00

TTERWORTH
EINEMANN
Compatibilization effect of a block
copolymer in two random copolymer blends
Jin Kon Kim
Department of Chemical Engineering, Pohang University of Science and Technology,
Pohang, Kyungbuk 790-784, Korea
(Received 28 June 1994, revised 4 October 1994)
The stability limit and spinodal points of a multicomponent polymer system have been studied with the
structure factors, §;(q), which were obtained using the random phase approximation and incompressibility
constraint. Emphasis was placed on the effect of the volume fraction of component A, f, in a block copolymer,
A-block-B, on the spinodal points for macrophase separation of an (A-block-B)/(B-ran-C)/(A-ran-D) mixture.
The behaviour of the spinodal point for macrophase separation, and thus the compatibilization effect,
depends very much on f; for given weight fractions of the two homopolymers (or a homopolymer and a
random copolymer). The spinodal points of microphase transitions in addition to those of macrophase
separation are also discussed.
(Keywords: block copolymer; random copolymer mixtures; compatibility)
INTRODUCTION

Block and graft copolymers have been used to improve
the compatibility of two immiscible homopolymers'~>.
Since a block or graft copolymer can be located at the
interface of two immiscible polymers due to thermo-
dynamic driving forces, the interfacial tension of the blend
decreases significantly, and thus polymer alloys with
morphology having smaller sizes of dispersed phase can
be obtained®.

Compatibilization of two immiscible homopolymers
by addition of a diblock copolymer (A-block-B) has
recently been studied theoretically® '°, The chemical
structure of two immiscible homopolymers can be the
same as (or different from) that of the constituent
component of the block copolymer. Using a functional
integral formalism Noolandi and Hong’ have developed
a theory which predicts the interfacial tension of a
blend and the concentration profile of an A-block-B near
the interface between the two homopolymers A and B.
Later Vilgis and Noolandi® extended the theory to an
(A-block-B)/C/D system where two homopolymers C and
D have chemical structures different from those of the
constituent components of the block copolymer.

In preparing multicomponent polymer systems, the
construction of a phase diagram is highly desirable. Here
a ‘m-component’ polymer system is referred to as a system
consisting of ‘m different monomers’. The A-block-B
copolymer can be regarded as a ‘two-component’ polymer
system. Thus, the (A-block-B)/(B-ran-C)/(A-ran-D) system
is referred to as a ‘four-component’ polymer system, since
there are ‘four’ different monomers, A-D.

Although Banaszak and Whitmore'! have developed
a theory which will enable one to construct a phase
diagram for an (A-block-B)/A/B mixture, at present there
is no theory predicting the phase diagram for multi-
component polymer systems, such as the (A-block-B)/C/D

blend system. Note that the block copolymers considered
in the study of Banaszak and Whitmore!! were assumed
to have lamellar microstructure, which cannot show the
effect of the volume fraction of each block in a block
copolymer on the compatibilization of two immiscible
polymer blends.

Recently, a new method was developed to calculate
the spinodal points (or stability limits) for a multi-
component polymer system'2. There are two types of
spinodal points for a multicomponent system which
consists of a block copolymer: (1) the spinodal point for
macrophase separation (yN); macro Where the scattering
intensity I(g) becomes infinite at a wave vector of
g=g*=0; and (2) the spinodal point for microphase
separation (y N ), micro Where I(g) becomes infinite at g = g*,
in which y is Flory’s interaction parameter between block
components and N is the total number of statistical
segments of the block copolymer. It can be stated that
a block copolymer can play the role of effective
compatibilizer in two immiscible polymer blends if
O(UN s macro/ 01 >0 where ¢, is the volume fraction of a
block copolymer in the blend and is assumed to be «1.
Note that as (yN\), macro iNCTeases, the critical temperature
(T.) above which the mixture becomes homogeneous
decreases since mixtures considered in this study are
assumed to have an upper critical solution temperature
(UCST) behaviour. Thus at a given temperature the
increased value of (YN) macre Means better mixing
between two incompatible homopolymers, and thus
better compatibilization can be expected.

This paper focuses on the stability limit of a four-
component system of an (A-block-B)/(B-ran-C)/(A-ran-D)
mixture. Emphasis is placed on investigating how the
volume fraction of block A, f; in (A-block-B), and the
relative magnitude of Flory’s interaction parameters
between all components in the blend can affect the
compatibilization of two immiscible polymers.

POLYMER Volume 36 Number 6 1995 1243



Compatibilization effect of a block copolymer: J. K. Kim

THEORY

The structure factors S iq) for a multicomponent system
is given by'?

m—1
S =Y, Ax @LSifd)— vd@)Sfq)] (1)
k=1
(i=12....om—1;j=12....m—1)

where S,{(q) is the Fourier transform of the density-
density correlatxons of monomers i and j for ideal
Gaussian chains and g is the wave vector defined by

=(4n/4)sin(6/2), in which 4 and 6 are the wavelength
of the incident radiation and scattering angle in the
medium, respectively. The matrix A and v(g) in equation
(1) are given by:

Alj(q : Z x(q)smp (J)](ypj Xpm) + Ui(q) + 6ij (2)
vi(q@)=149)/1.{q) (3)
where
tHa)= Y, S;(q) (4)
r=1

Note that in the derivation of equation (1), we used the
incompressibility constraint and symmetry property of
the structure factor [ie. §; AD=3 J,(q)]

The determinant ||D| of A;{q) for a four-component
polymer system is given by:

DIl =[S4(g)/ta(q)]/Flq) (5)
where S,(q) is the sum of S;(q).
Siq)= Z tlq)= Z Sifaq) (6)
i.j=1

and F(q) is given by'*:

F(q)_ 1 + Zsu{q le+ ZDZ ukl le)(kl+2[W4 q)/S4(q ]XD

kl

(7
where W,(q) is the determinant of S;(q):
Wag)= Sl (8a)
and
Sida)=S:{a) —1dq)t {a)/Sa(q) (8b)
D, k)= (/4208 Aq)Sia) + Sul@)S 9]

- [Sik(CI)S—jz(CI) + Sjl(q)gik(q)
+ Sil(‘])gjk(q) + Sjk(Q)S_i,(q)]
+ Sik(q)sjl(q) + Sil(q)sjk(q) - 2Sij(‘1)Skl(q)} (8¢)
Ap=712X13X23F X12X 14024 T X232 2aX34 F X137 14034
— [tz + 0381324+ X1aX23— X12X34)
+ (13 F 0212038 L1aX23— X13X24)
+ (1ot X23) 12238+ 13X 24— X14X23)] (8d)

With the aid of equation (2) the structure factors §aﬁ(q)
in equation (1) can be written as'’

4
1ﬁ(q { g +2ZD2.a/fkl(4)Xkl
il

+[W4(Q)/S4(Q)]Xxﬁ.2} / Flg) 9)
(x=1,2.3; f=1,2,3)
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where

Lax 2= 2(1;513'1; + Loukod + X;*l;Zﬁl:) - ([i) + /31 + /(2:) ( loa)

(v#0#¢e#a and y<d<e)
Yap.2 =2 aptos + XX py T Las X ps)
— 1yl s+ Xy o) = Hydps— Hoxo i+ Ay
(y#0#a#p and y<9) (10b)

The indices a, f, 7. 0 and ¢ appearing in equations (9)
and (10) are not dummy variables, so the summation of
these indices must not be taken.

For four-component systems, the scattering intensity
I(y) 1s given by:

Iig)~ Z (a;—ag)a;—

fj=1

a)Si{q) (11)

where q; is the scattering power of monomer i. It can be
seen from equation (11) that I(q) cannot easily be
determined quantitatively even if all §; £q) are known, in
the situation where accurate 1nformat10n for all g; is not
available. Therefore, we consider only the stability limit,
where I(q) becomes infinite at g =g*:

Ig*)—> o (12)

From equation (11) the spinodal point of a four-
component system can be obtained easily since every
Si(q) has the determinant of A;{q) in the denominator.
Note that if the determinant of A iq) is equal to zero [or
F(g) given in equation (7 )becomes zero] all S,J{q) become
infinite. In order to calculate F(g) for four-component
systems, we need six different Flory interaction para-
meters (2, X13» 14> X23: X24 and y3,) and four different
values of the degree of polymerization (N, N,,N; and
N,). For given values of N;(i=1—4), {(x,);;}, which makes
F(q*) equal to zero, can exist. Note that ¢* can be
obtained from the value of g,, where F(q,,=¢*) becomes
zero [or, I(g,,=g*) diverges to infinity] at (x.);;. g, is the
value of ¢ which makes F(g) a minimum at given y;;, and
4, can change with y; for four-component polymer
systems. For ¢*=0, {(x,);;} describes the spinodal or the
limit of thermodynamic stability for the macrophase
transition (or separation), whereas for g*#0, {(x,);}
describes the spinodal point for the microphase transition
{or separation).

Let us now consider the four-component system of
(A-block-B)/(B-ran-C)/(A-ran-D) mixtures, for which §;{q)
are given by:

S11(q)=PiNg(fis N+ duulNuing(1, Nw) - (13a)
S1:(q)=dNg(1— f1, Ny + duNwbitg(1, Ny (13b)
S33(q)= dulNu(t —¥)*g(1, Nyy) (13¢)
S4alq@)=PuNu(1— Ym)*g(1, Nyy) (13d)

S12(q)=(1/2)p:Ni[g(1, N —g(fi, Ny —g(1 — fi. N))]
(13e)
S23(q)= duNu¥ull —¥)g(1, Ny) (136)
S14(@)=dmNutym(1 —Yug(1, Nm) (13g)
S13(9)=S5,4(g)=S34(9)=0 (13h)

where ¢, ¢y and ¢y, are the volume fractions of
A-block-B, B-ran-C and A-ran-D copolymers, respec-
tively, in the mixture (¢;+ ¢y + d=1); Ni, Ny and Ny,



are the degrees of polymerization (or numbers of
statistical segments) for A-block-B, B-ran-C and A-ran-D
copolymers; and f; is the volume fraction of component
A in A-block-B copolymer; i is the volume fraction of
B in B-ran-C copolymer and y,; the volume fraction of
A in A-ran-D copolymer. Here, the subscripts 1-4 in S, {q)
represent monomers A-D in the mixture, thus, S,;(g)
means Sy, while the subscripts I-1II in ¢ and N mean
A-block-B, B-ran-C and A-ran-D copolymers, respec-
tively. Note that §;(q) of a random copolymer is different
from that of a block copolymer!?. Also, g(f;, N;) is given
by:

gl fi Ny =2[ fix; +exp(— fix;)— 1]/x? (14a)

where
x;=(qRy)’ (14b)

in which Ry, is the radius of gyration of component i and is
given by:

R,=b(N,/6)'2 (14c)

Note that the statistical segment length b in equation
(14c) is assumed to be the same for components A, B, C
and D.

It should be noted that for a special four-component
system where Yy =Y, =0; Y12 =X14a=X23 =134 =X L13=
¥24=0; and a, =a;, a,=a, equation (11) becomes (see
Appendix):

1(g)~(a; —a,)*/[S2(q)/ Walg)— 2] (15)
where

S:q)=54(9)=San(@)+ 25 58(9) + Sps(q) (16a)
Wy(@)= Saa(@)Sss(q) — [Sas(@)]? (16b)

in which
Saal@)=S511(9)+S33(9) (16¢)
Sea(@)=522(9)+ S44(q) (16d)
Sas(@)=512(9) (16¢)

where S, S,,, 533, S44 and S, are given by equations
(13a)+(13e) with y,; = y,; =0. It should be mentioned that
previously others'3~!5 derived equations (15) and (16) to
obtain the spinodal limits for the (A-block-B)/A/B
mixture, by assuming implicitly that the concentration
fluctuation of component A, n, ¢, in the block copolymer
would be the same as that of component A in the
homopolymer, én, y and similarly éng o = dng y. It should
be mentioned that dn,(g) is given by!'® !5

dndq)= —BZS,, YU q) (17)

where U{q) is the external potential exerted by adding
the jth monomer, and f=1/(k;T) in which kg is the
Boltzmann constant and T is the absolute temperature.
Applying the incompressibility constraint and symmetry
properties of S, {(q) to equation (17), we obtain

m—1
onq)=—f 3 Sul@dUg)~U(q)] (18)
k=1
From equation (18) we note that in general dn, (or dn, ¢)
is not the same as Jdn; (or dn, y), and that dn, is not
necessarily the same as J,,. In this study, equation (15)
was obtained from (1) specific relationships of y;; (i.e.
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X12=X14= K23 =34 =1 X13=X24=0) (2) a; =a3,a,=a,,
(3) incompressibility constraint and (4) symmetric pro-
perties of S; {g). Of course, when any of these requirements
is not satisfied, the scattering intensity I(g) cannot be
given by equation (15). Note further that if S,z(q) in
equation (16¢) is replaced by S ,(g) + S34(g), equation (15)
can be used to calculate I(g) for binary mixtures of two
block copolymers having the same constituent com-
ponents, (A-block-B),/(A-block-B),.

Let us consider the spinodal curves for the macrophase
separation in the (A-block-B)/(B-ran-C)/(A-ran-D) system.
Using relationships of F(g* =0)=0and W(g*=0)=0, the
spinodal curves of the macrophase separation for this
system can be obtained from equation (7):

VN Ny dw) + LN N id1dm) + VINgN iy dun)

=200/ (Nwbw) + 0.1/ (Nyu) + Kuan/(N1))]
+ 2000 + L + Frannam)

= [Gaa)® + o) + G *1 =0 (19)
where
A==y s+ (= fi— ) = Yias
— MU= fi—¥ui12 (20a)
XL = f"//m A —Yux1a+ (1= /) =¥tz
= W= Yuwts2 (20b)

nm= l//nl//lez + (I =Yumi s + ¥l —Yuiaa

F( =Y =)y za =¥l =¥)i2s
— Yl =¥ a (20c)

Here, subscripts 1-4 in y represent the monomers A-D,
while the subscripts I-1II in y represent A-block-B,
B-ran-C, and A-ran-D copolymers. Note that equations
(19) and (20) can also be used to calculate the spinodal
points of an (A-ran-B)/(B-ran-C)/(A-ran-D) blend since
spinodal points for macrophase separation of an A-block-B
copolymer are the same as those of an A-ran-B copolymer
when the volume fraction of A in (A-block-B) is equal to
that in (A-ran-B).

Let us first consider a special case for an (A-block-B)/
(B-ran-C)/(A-ran-D) mixture where y,=i;;=0, x,3=
724=0, and y,,=1y,4=123=134=yx which represents as
(A-block-B)/A/B mixture. For this mixture, from equations
(19) and (20) (xN)s.macro 1S given by:

(XN s macro [1/ radidn) + Vrudidm) + Vrrududw)l/
201+ K2 fradw) + (L= [ [rmdu)]} (21)
where
m=NuN, and ry;=N,/N, (22)

The optimum value of f, Simaw 8t Which (YN macro
becomes the maximum for given ry, ryy, ¢y and ¢y, can
be obtained from:

LN s macro/ ] = 29 L Q) — fi/lrudn)
= W rmém)]=0 (23)
where
g(r, @)= [1/ruipu) + 1/(riui1dw) + L(ryrmdndudl/
2L+ £/ rud) + (1= )2 rmdun] ) (24)
From equations (23) and (24), f; ... can easily be given by:

Jimax= V1 + (rmdw)/(rudn)] (25)
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It is of interest to see from equation (25) that a block
copolymer with f; > 0.5 becomes more efficient than a block
copolymer with f; < 0.5 in compatibilizing two immiscibie
polymer blends where homopolymer B becomes the
disperse phase in the matrix of homopolymer A {or
¢u> ¢y when the molecular weight of homopolymer A
is similar to that of B. Conversely, when homopolymer
A becomes the disperse phase, a block copolymer having
a longer block of B is more efficient in compatibilization.

Recently Kim and co-workers'® have studied the effect
of the weight fraction of the polystyrene (PS) block, wpg ),
in a polystyrene-block-polyisoprene (SI) copolymer on
the phase separation kinetics in a binary blend of PS and
polyisoprene (PI). They found that for a blend where the
weight fraction of PS is 0.81 (thus the PS phase becomes
the matrix) a block copolymer having a greater value of
Wpswy) 18 more efficient in retarding the macrophase
separation of the mixture, indicating a better compatibil-
ization in the PS/PI blend. Specifically, SI-112 copolymer
having wpg,,=0.81 is the most effective, SI-114 having
Wps(,) = 0.6 is intermediate, and SI-113 having wpg,,=0.35
is the least effective in retarding the macrophase separa-
tion of the blend. Note that all three block copolymers
have almost the same molecular weight (120 000). Their
experimental results are in agreement with the theoretical
predictions of equation (25).

Also, the sign of (N macro/ 09 becomes very impor-
tant in judging the effectiveness of a compatibilizer of a
block copolymer?®. When d(xNy) macro/0¢1 >0, a block
copolymer enhances compatibilization of two immiscible
homopolymers, while a block copolymer does not play
the role of compatibilizer if d(yN ), macro/ 01 < 0. It should
be examined whether or not there exists a value of ¢,
¢]* above Wthh a(XNl)s,macro/a¢l < 0 even lf a(X]\[l)s.macm/
0¢,>0 at smaller values of ¢, If there exists ¢ff, the
amount of block copolymer used must be smaller than
¢F in order to enhance compatibilization. The value of
¢F can be obtained from equation (21);

[a(XN])s.macro/a(pl]dﬂ = [(A - l/r]]])(d) - B/rll)(d)l*)z
~2A(®— B/ry)¢ + A(®— B/ry)
+ q)/rln]/{z'"n[h((b’ ")]2}’ =0 (26)

where
h{¢,r)=(1—¢)[(1 — )P + Bpy/ry] (27a)
A=1-[1=(ry/ri)]dn (27b)
B=fi2(1 =)+ (1 — f)* bpru/rm (27¢)
Py =du/(dn+ dm)=du/(1 — &) (27d)
O =dy(1 — Py (27e)

From equation (26) ¢ is given by:

(@) =[1£(1-DD)*J/(1—X"") (28)

where

DD=(1—1/X)(1+1/{X[1-B/(r®1})  (29a)
X=ru4 {29b)

Note that DD in equation (29a) must be <! in order for
$F appearing in equation (28) to become real. From the
possible solutions given by equation (28), only (¢f)- is

acceptable since 0<¢f <1. For X =1 (or A=1/ry), ¢f
in equation (28) reduces to:

ot =(1/D{1 + 1/[1 - B/(ry®)]} (30)
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From equations (28) and (29), one can obtain the
following conditions for ® defined by equation (27¢) in
order to satisfy the constraint 0 <(¢{f)_ < 1.

O <®*=B/[r,(1+1/X)] (31)

It can be seen from equation (26) that at (¢ff) - (xNy)s macro
has a minimum when (A — 1 /ry )(® — B/ry) is positive, while
this becomes the maximum when (A —1/ry)(P—B/r)
becomes negative.

RESULTS AND DISCUSSION

(A-block-B)/A/B blend

For f=0.5, and r; (=N,/N)=ry (= Ny/Ny)=r, plots
Of (¥ N \)s.maceo VETSUS ¢y at various values of ¢, for different
r are given in Figure 1. Here, N}, N and Ny are the total
degree of polymerization for A-block-B copolymer, homo-
polymer A and homopolymer B, respectively. In this
situation from equations (27b) and (27¢) we obtain A=1

(XNI)s,macro

45

(XNI)s,macm

Figure 1  Plots of (yN ) macro tersus ¢y for the (A-block-B)/A/B blend
where f;=0.5 and ry=ry;=r at various values of ¢, for two values of
r: (a) r=0.5, curve (1) for ¢;=0, curve (2) for ¢;=0.1, curve (3) for
¢, =0.225, curve (4) for ¢;=0.3, curve (5) for ¢,=0.5; (b) r=0.1, curve
(1) for ¢, =0, curve (2) for ¢,=0.06, curve (3) for ¢;=0.1, curve (4) for
¢;=0.3, curve (5) for ¢, =0.5



and B=1/4 regardless of r. It can be seen in Figure la
(i.e. for r =0.5) that (yN|);_macro INCTEASES as ¢, increases for
@ >d*=1/6 [or ¢f; is either 0.211 or 0.788 obtained from
equations (31) and (27e)]. When ® <®*, (¥Ny)smacro
decreases until ¢, =(¢f)_, and increases again as ¢,
increases. That is, (¥ Ny} macro €Xhibits a minimum at () _
since (A—1/ry) (@ — B/ry) becomes positive due to the
constraint of ®<1/4 [see equation (27¢)]. For instance,
when ®=0.1 (i.e. ¢4=0.113 and 0.887), (¥Ny)s.macro
decreases until ¢, reaches (¢ff)_ of 0.225 and then
increases again as ¢, increases, which was previously
demonstrated by Figure 3 in reference 20. When ¢y
<0211 or >0.789, the added block copolymer to the
mixture reduces (YN macror Which means that the block
copolymer does not play the role of compatibilizer in the
two homopolymers. Thus, if one wants to use a block co-
polymer having f,=0.5 as an effective compatibilizer, the
volume fraction of the homopolymer A in two immiscible
homopolymers, ¢y, must be controlled between 0.211
and 0.789. Of course, a better compatibilization effect is
expected when ¢y lies near 0.5.

When r is decreased from 0.5 to 0.1, plots of (N ) macro
versus ¢y at various values of ¢, are given in Figure 1b,
where ®©* increases from 0.167 to 0.227. Note that the
regions for ¢y where (YN)), macro decreases initially with
increasing ¢,, are expanded. For example, when ¢y is
kept at 0.27, as ¢, increases (xN); macro d€Creases initially
for r=0.1 while this increases for r=0.5. For smaller
values of r, ¢y must be close to 0.5 in order to increase
(XNs macro With increasing ¢,. Otherwise, a block co-
polymer will not become an effective compatibilizer in
two immiscible homopolymer blends.

In order to study the effect of f; on the compatibilization
of this blend we consider an asymmetric value of f;. For
£=08 and ry=ry=r, plots of (YN macro Versus ¢y at
various values of ¢, for different r are given in Figure 2.
It can be seen in Figure 2a that for r=0.5, (YN macro
increases with ¢, for 0.448 < ¢, <0.952. However, outside
this region of @y, (XN1)s macro decreases initially, reaches
a minimum, and then increases again with increasing ¢,.
Note from Figures la and 2a that the regions for ¢y,
where 0((N ) macro/ ¢ <0, move toward larger values of
¢y with increasing f.. Thus, for larger values of f;, ¢y
must be >0.5 in order to have positive value of
AN Vs macro/ 001 General trends of (xNy); macro fOr fi=0.8
at various values of r are similar to those for f;=0.5 at
the corresponding values of r. For instance, with de-
creasing r, the regions for ¢y, where 0(yNy) macro/0¢1 <0,
are expanded. It should be pointed out that as ¢,
increases, microphase separation rather than macrophase
separation becomes a dominant mode. Therefore, the
above analysis for (YNy); yacro Might be applied to regions
when ¢, < ¢, ¢, above which (¥Ny) micro <IN Ds.macror

The plots of (yN,), versus ¢, at two different values of r,
0.5 and 0.1, are given in Figure 3 where ¢, ~0.50
when r=0.5 and ¢;=0.7. It can be seen in Figure 3 that
(XN1s.macro for ¢y =0.7 is always greater than that for
¢ =0.3, indicating that a block copolymer having a
longer block of A in the A-block-B copolymer will be
more effective as a compatibilizer in the mixture of
homopolymers A and B in which the homopolymer A
becomes the matrix phase.

If r is further decreased from 0.5 to 0.1, plots of
(N Ds macro Versus ¢y at various values of ¢, are given in
Figure 2b. In this situation where ¢y <0.65, (yN;)

$,Mmacro
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30

[
(=3

(XNI)s,macro

10

0.0

(XNI) §,Mnacro

0.0 0.2 0.4 0.6 0.8 . 1.0

Figure 2 Plots of (1N} macro ersus ¢y for the (A-block-B)/A/B blend
where fi=0.8 and r,=r;=r at various values of ¢, for two values of
r: (a) r=0.5, curve (1) for ¢;=0, curve (2) for ¢, =0.1, curve (3) for
¢,=0.2, curve (4) for ¢, =0.3, curve (5) for ¢, =0.4, curve (6) for ¢,=0.5;
(b) r=0.1, curve (1) for ¢; =0, curve (2) for ¢;=0.1, curve (3) for ¢,=0.2,
curve (4) for ¢;=0.3, curve (5) for ¢,=0.4, curve (6) for ¢,=0.5

decreases initially with increasing ¢,, which can also be
seen in Figure 3b.

(A-block-B)/C/D blend

Let us consider (A-block-B)/C/D mixtures where the
chemical structures of C and D are different from those
of A and B in the block copolymer, and six xS are
assumed to be known. In this case, equation (19) becomes:

a[(x]\ll)s.macm]2 - b(XNl)s,macro + c= 0 (32)
where
a= 2(R].I]RI,III + Rl,]]Rll.]II + RLHIR]].III)
- [(Rl,ll)2 + (Rl,m)2 + (Rn,m)z] (33a)

b=2[Ryy/(rmbw) + Ry u/(ruén) + Rym/éi]  (33b)
c=1/(ry¢1pn) + 1/ (rmd1dmy) + 1/(ryr mPnduw) (33¢)
in which

Fn=Ny/Ny  rg=Np/N, (33d)
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Figure 3 Plots of (yN)), versus ¢, for the (A-block-B)/A/B blend where
1,=08 and r=ry=r at different values of ¢y, for two values of r: (a)

r=0.5. curve (1) for ¢, =0.3. curve (2) for ¢, =0.7: (b} r=0.1. curve (1)
for ¢, =0.3. curve (2) for ¢, =0.7. The asterisks represent ¢, . above
which (7N)) micro 18 smaller than (7N)). nacro

Rin=xn/Y125 Ruw=m/ia2 Rll,lll:Z".m/Xlz (33¢)

and y; . 7um and 7, are given by equations (20a), (20b)
and (20c) with y,, =¥, =0. Here, the subscripts [-111 in
equations (33) represent A-block-B copolymer. homo-
polymer C and homopolymer D, respectively.

It is of interest to see from equation (32) that unless a
is not equal to zero, (¥N\)smacro has two values if
(b>—4ac)>0. In order to test whether or not the two
values of (YN ) macro T€Dresent the spinodal for macro-
phase separation, one must have plots of F(q) versus g
near g=q*=0 where F(g) is given by equation (7). In
order to have a physical significance of the spinodal point
for macrophase separation, F(g* =0) must be minimum
at ¢g*=0, in addition to F(g*=0)=0.

Let us consider a special case where the interaction
parameters are given by the following relationships:

Y13=X2a=X3a= Y12 (34a)
X1a=123=BL12 (34b)
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Although we are well aware of the fact that a blend system
satisfying equation (34) may be very rare, we use this
relation since this was considered by Vilgis and Noolandi®,

For fi=0.5, r,=r=0.5, and =2, plots of (yN\) macro
versus ¢y at various values of ¢,, and plots of (y N,), versus
¢, at two values of ¢y are given in Figures 4a and b,
respectively. In this system there exist two values
of (XNl)s.macro* ie. (XNl)g._m'acm and (ZNI);Qacro’ where
(N ocro <(XNDL ) ceo from equation (32). But, the value
Of (YN macro 15 taken as (xN\)s macro in Figures 4a and b
since at (YN acrer F(@* =0) becomes a minimum while
F(g=0) at (yN)\})scro becomes a maximum although
F(g=0) becomes zero at both values of (yN,) This
is demonstrated in Figure 5.

It is interesting to note in Figure 4a that (¥Ni) macro
becomes a minimum at ¢, =0.5 for values of ¢,;<0.12,
while this becomes a maximum at ¢,=0.5 for larger
values of ¢, This indicates that the block copolymer
becomes an effective compatibilizer for the mixtures of
homopolymers C and D having ¢, equal to ¢;, when

s.macro-
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Figured (a) Plots of (7N ), macro tFsus ¢y for the (A-block-B)/C/D blend
where f;=0.5, ry=ry=0.5 and =2 at various values of ¢, curve (1)
for ¢;=0: curve (2) for ¢;=0.1; curve (3) for ¢,=0.2; curve (4) for
¢ =0.3; curve (5) for ¢;=0.4; curve (6) for ¢;=0.5. (b) Plots of (zN,),
versus ¢y at two values of ¢y curve (1) or ¢y =0.2; curve (2) for ¢, =0.5



F(q)

ngl

Figure 5 Plots of F(q) versus qR, for the (A-block-B)/C/D blend where
£=05, ry=ry =03, ¢,=0.2, ¢y=0.2 and f=2 for various values of
(N (1) 2.0 (2) 3.25:(3) 5.0; (4) 9.02; (5) 12. Here (yN)) 2hero=3.25 and
N 0 =9.02

s.macro

the amount of block copolymer in the mixture is relatively
large (say, ¢, >0.13). Also, it can be seen in Figure 4b that
for ¢y=0.2, (¥NDsmacro decreases until it reaches a
minimum at ¢; = 0.4, and increases again as ¢, increases.
For larger values of ¢y with increasing ¢, (XN macro
increases initially, reaches a maximum, then decreases
until reaching a minimum point, and eventually increases.
In the blend system considered above, macrophase
separation dominates over microphase separation, since
the latter only becomes significant for ¢,> ~0.9.

When f; is increased to 0.8, plots of (yNy), versus ¢, at
various values of ¢y are given in Figure 6. Note that
macrophase separation dominates microphase separation
until ¢, reaches ~0.95 although this is not included due
to lack of space. The general feature of (yN,), is very
similar to that given in Figure 4b. For example, with
increasing ¢y, (¢ N1)s macro iNCreases initially at ¢, =0.7 and
decreases at ¢y =0.3, very similar behaviour to that
observed in the (A-block-B)/A/B mixtures (Figure 3a).
However, if the behaviour of (yN}), for (A-block-B)/C/D
mixtures is compared with that for (A-block-B)/A/B
mixtures (Figures 6 and 3a), the copolymer in the former
is not so good for compatibilization as that in the latter
if the value of (yN); macro 15 ONly considered. When the
value of § is decreased from 2.0 to 1.5, the plots of (yN)),
versus ¢; at ¢;=0.3 and 0.7 are given in Figure 6b. When
the value of f decreases, (¥Ny)s macro iNCTEases, and thus
an enhanced compatibilization is expected.

It should be pointed out that, owing to the assumption
of a mean field approximation, theoretical predictions
made in this study are valid at weak segregation regimes
where incompatibility between two homopolymers is not
strong, but not at strong segregation regimes. Thus, in
the strong segregation regime where a polymer blend
becomes highly incompatible, the fact that the value of
(XNDs.macro 18 increased does not necessarily mean an
enhanced compatibilization. In such a situation one must
consider the interfacial concentration of a block co-
polymer near the interface® 8,

In other words, in the strong segregation regime the
overall inhomogeneity increases at a given temperature

Compatibilization effect of a block copolymer: J. K. Kim

as the value of (YN, macro decreases. However, a block
copolymer can locate more easily at (or near) the interface
of two immiscible polymers, resulting in a reduced
interfacial tension of the mixtures. As can be seen in
Figure 3 in reference 8, when the value of 8 is increased,
the interfacial concentration of the block copolymer at
(or near) the interface becomes greater. This means that
as the value of f increases there is little chance that a
block copolymer exists in the homopolymer phase,
resulting in lower values of (YN\), macro (Figure 6).

(A-block-B)/C/(A-ran-D) blend

Recently, many groups have studied the compatibil-
ization effect of a block copolymer in a mixture of two
homopolymers where at least one homopolymer is a
random copolymer. For example, Stadler and co-
workers?!-*? reported that poly(styrene-block-methyl
methacrylate) (SM) can be used as a compatibilizer in a
mixture of poly(1,4-dimethyl-2,6-phenylene ether) (PPE)
and poly(styrene-ran-acrylonitrile) (PSAN). In this situ-
ation, the spinodal points for macrophase separation can

Figure 6 Plots of (yN)), versus ¢, for the (A-block-B)/C/D blend where

Si=08.and ry=ry;=0.5 at two values of ¢y, for different §: (a) f=2.0,

curve (1) for ¢,y =0.3, curve (2) for ¢,,=0.7; (b) B=1.5, curve (1) for
¢y =0.3, curve (2) for ¢, =0.7
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be obtained from equations (19) and (20) with ys,, = 0. The
crucial step to obtain (yN)), ..., from equations (19) and
(20) is to have values of six interaction parameters, XifS
Note that experimental data of y;; vary considerably when
different experimental methods, for instance, turbidity
measurement, small-angle neutron scattering (SANS) and
the ellipsoidal method are employed??. In the present
study the values of six y;s were taken from various
experimental studies (Table I). Also, in order to change
the weight fraction of each component in the mixtures
to volume fraction, the density of each component in the
blend was chosen from reference 28, ie. ppg=1.05,
Pemma = 1.17, pppe=1.07 and ppgan=1.18 gem 3.

Plots of (YN} macro versus ¢y [ = dope/(Pppe+ Ppsan)]
for ry(=Ny/N)=0.25, ry(=Ny/N)=0.5 and ¢,,=0.77
(ie. 75wt% PS in PSAN) are given in Figure 7a for
£1=0.53 (ie. 50wt% PS in SM), and in Figure 7b for
£=0.72 (ie. 70wt% PS in SM). Here, the subscripts I,
IL, and IIT in N represent A-block-B, homopolymer C

4}
E
,_s: 3
Z
8 2t
1+
Gy ®
1 2 | " i . 1 L
0.0 0.2 0.4 0.6 0.8 1.0
Py
Q
:
=
Z.
£

Figure 7 Plots of (YN ) macro versus ¢y for the (A-block-B)/C/(A-ran-D)
blend, where 1y =0.77, ry=0.25, ry=0.5 and x5 are given in Table 1,
at various values of ¢, for two values of f;: (a) f;=0.53; curve (1) for
&1 =0, curve (2) for ¢,=0.05, curve (3) for ¢;=0.1, curve (4) for ¢;=0.2,
curve (5) for ¢,=0.3, curve (6) for ¢,=0.5; (b) f;=0.72, curve (1) for
¢, =0, curve (2) for ¢;=0.1, curve (3) for ¢;=0.2, curve (4) for ¢;=0.3,
curve (5) for ¢,=0.4, curve (6) for ¢;=0.5
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Table 1 Values of z;; used in the numerical computation

S/AN  S/MMA AN/MMA S/PE  PE/MMA PE/AN

Lij 1144 0.03¢ 0.69¢ —01 048 1.49°
Ref. 24 24 24 25 26 27

a

7i; were obtained from the reported values of Bj; (Bgun=06.74;
Bsuma=0.18; Banmma=411calem™3) in Table 4 of reference 24
using the relationship. z;; = B;;V,./(RT). Here, V,.; = 100cm? mol " ! and
T=298K were used

" /b an 15 different from the value in reference 27 since it is obtained
from equation (3} in reference 27 using y5,4x = 1.15 instead of 75,y =0.17
reported in reference 27

12+ (a)
9|
... : microphase
: macrophase
~
Z
=
S’
12% (b)
N : microphase
: macrophase
-2
Z
ta
N

Figure8 Plots of (xN)), versus ¢, for the (A-block-B)/C/(A-ran-D) blend.
where ¥, =0.77, ¢,,=0.5, r;=025, ry=0.5 and x5 are given in
Table 1, at two values of f; (a) £;=0.53; (b) /,=0.72

and A-ran-D copolymer, respectively. It can be seen from
Figure 7a that with increasing ¢, (YN macro d€Creases
gradually until ¢, reaches ~0.3 and increases again. The
values of (yN))s macro at any ¢; are less than those for
mixtures without a block copolymer. As can be seen in
Figure 7b, for fi=0.72 (XN macro inCreases steadily with
increasing ¢, in the regions of 0.38 < ¢, <0.7. Thus, it
can be conciuded that at a given Ny, the block copolymers
having larger PS block or larger f; would be effective in
compatibilization of the PPE and PSAN blend system
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Figure 9  Plots of (N)) macro tersus ¢y, for the (A-block-B)/C/(A-ran-D)
blend. where y,;=0.63, ry=0.25, ry; =0.5 and ;s are given in Table I,
at various values of ¢, for two values of f;: (a) f;=0.22, curve (1) for
¢,=0, curve (2) for ¢;=0.1, curve (3) for ¢;=0.2, curve (4) for ¢;=0.3,
curve (5) for ¢;=04; (b) f;=0.53, curve (1) for ¢, =0. curve (2) for
¢,=0.1.curve (3)for ¢, =0.2, curve (4) for ¢, =0.3, curve (5)for ¢, =0.4

if (¥N1)s.macro 18 ONly considered. It should be mentioned
that in this blend microphase separation becomes
dominant over macrophase separation, as can be seen in
Figure 8.

In order to study the effect of weight per cent of PAN
in PSAN on compatibilization of the PAN and PSAN
blend, we consider the PSAN homopolymer with 40 wt%
PAN. Figures 9a and b show (N ) macro varies with ¢y
for two values of fi. It can be seen in Figure 9a that for
H=022, (N macro decreases initially then increases
again with increasing ¢,. However, for f;=0.53 (YN );.macro
increases with ¢, as can be seen in Figure 9b, although
this value is less than that for PSAN with 20wt% PAN
(Figure 7a). This suggests that a blend of PSAN with a
smaller amount of PAN and PPE is more miscible than
a blend of PSAN with a larger amount of PAN and PPE,
which is consistent with the experimental results of
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Stadler and co-workers?!'22, However, their studies do
not consider the effect of volume fraction (or block length)
of PS in SM on compatibilization of PPE and PSAN
when the total number of segments (or roughly, the total
molecular weights) of SM is kept the same. Thus, the
above prediction that a block copolymer with a larger
amount of PS is more effective in compatibilization in
the PPE and PSAN blend than one with a smaller
amount of PS can be tested by a careful experiment.

CONCLUSIONS

In this paper, we have considered the stability limit of a
four-component polymer system, an (A-block-B)/(B-ran-
C)/(A-ran-D) mixture, using the structure factors, SL{q),
which were obtained from the random phase approxima-
tion and incompressibility constraint. We then discussed
the effect of the volume fraction of A, f, of the A-block-B
copolymer on compatibilization of two immiscible random
copolymers, by investigating the values of spinodal points
of macrophase separation, (¥N))s macro» 10T three four-
component polymer systems, namely, (1) mixtures of an
A-block-B copolymer and two homopolymers A and B,
(2) mixtures of an A-block-B copolymer, and two
homopolymers C and D, and (3) mixtures of an A-block-B
copolymer, a homopolymer C and A-ran-D copolymer.
We have found that for the (A-block-B)/A/B system, the
optimum value of f; at which (¥Ny) macre DECOmMeEs a
maximum at a given N, can change with the weight
fraction of the homopolymer A in the mixture of two
homopolymers. A block copolymer having f,> 0.5 is more
efficient than one having f;<0.5 in increasing (xNy)s macros
and thus in increasing compatibilization, for a mixture
where homopolymer B becomes a disperse phase in the
matrix of homopolymer A. This theoretical prediction is
in agreement with the experimental results of the PS/PI
blend system having SI copolymer as a compatibilizer®.

The effect of f; on (¥N\) macro fOT the (A-block-B)/C/(A-
ran-D) system has also been studied. Again, depending
on the value of f;, (YN1)s macro IICreases with increasing
weight fraction of the block copolymer.

It should be pointed out that owing to the assumption
of a mean field approximation theoretical predictions
made in this study would be more valid near the weak
segregation regime of a blend than near the strong
segregation regime. Thus, in the strong segregation
regime {or highly incompatible polymer blend) one must
include the interfacial concentration of a block copolymer
near the interface in addition to the above approach.

Finally, it is suggested that since the analysis here
predicts only spinodal points (or stability limits) of a
multicomponent system, (A-block-B)/C/D mixtures, it
should be expanded to predict the phase diagram for this
system which is very important in the preparation of a
polymer blend.
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APPENDIX

Derivation of equation (15)

Consider an (A-block-B)/(B-ran-C)/(A-ran-D) mixture
with ¥, =y ; =0, which reduces to an (A-block-B)/C/D
mixture, for which the following two equations are
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satisfied.
Y12=1a=X23=X3a=1 X13=X22a=0 (A1)
a,=ds; a,=d, (A2)

In this case F(g) in equation (7) and gij(q) in equation (9)
become:

Flg=1+ [glz(Q)+§14(Q)+§23(Q)+§34(Q)]X (A3)

Sap@) =[S,4q)+2D%y(a))/F(q) (A4)
where
4
D:ﬁ(q)=2;D2.xﬁkl(q)Xkl (AS)

In the derivation of equations (A3) and (A4), the following
relationships were used:

&4
Z D2.ijk1(q)Xinkl =0 (A6)
Kl
Xd/f,zzo(a=13253s4; ﬂ:l~2*374)« XD:O (A7)
From equations (A1), (A5) and (8c) we have the following
relationships:
D¥,(q)=D%;(q)= — D¥;(q) (ABa)
D3,(q)=D%4q)= — D34(q) (A8b)
DY,(q)=D34(q)= —D¥4(q)= — D%:(q) {A8¢)
Substitution of equations (A3), (A4), (A8), and (9) into
equation (11) gives:
1(g)~(a; — az)z_[s_1 1(g) ":23_13(61)_'1' §33(Q)J/
120815 @) + 5,40+ Sax( @+ Saul@)lx)  (A9)
Also, from equations (6) and (8b), we have:
S1(@)+28,3(9)+ S3;(q)
={[S11(q)+533(a)1[522(q9) + S4a(@)]
—[$, 2(‘1)]2}/S4(Q) (A10)
and
L+ 208, (@) + S, 4(q) + S53(9) + S3a(@)]x
={84(q)—2[(S, (@) + S33(q)S12(q)
+844() — 83 2(@)1x}/Salq) (A11)

Finally, substitution of equations (A10) and (A11) into
equation (A9) gives equation (15).



