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The stability limit and spinodal points of a multicomponent polymer system have been studied with the 
structure factors, So(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. 
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INTRODUCTION 

Block and graft copolymers have been used to improve 
the compatibility of two immiscible homopolymers 1-5. 
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 6. 

Compatibilization of two immiscible homopolymers 
by addition of a diblock copolymer (A-block-B) has 
recently been studied theoretically 6 10. 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 8 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 11 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 11 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 12. There are two types of 
spinodal points for a multicomponent system which 
consists of a block copolymer: (1) the spinodal point for 
macrophase separation (zN) . . . . . . .  where the scattering 
intensity I(q) becomes infinite at a wave vector of 
q=q*=O; and (2) the spinodal point for microphase 
separation (,~N)s.micro where I(q) becomes infinite at q = q*, 
in which X 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 
c~(xNI) . . . . . . .  /~(~1 > 0 where q~i is the volume fraction of a 
block copolymer in the blend and is assumed to be << 1. 
Note that as (zN0 . . . . . . .  increases, 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 (zNO . . . .  cro 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. 
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THEORY 

The structure factors Su(q) for a multicomponent system 
is given bye2: 

m 1 

~u(q)= ~ Aik~(q)[Skr(q)--Vk(q)Sm~4q)] (1) 
k=l  

(i= 1.2 . . . .  m - l ; j = l . 2  . . . .  m--l)  

where Su(q) is the Fourier transform of the density- 
density correlations of monomers i and j for ideal 
Gaussian chains and q is the wave vector defined by 
q = (4~/2)sin(0/2), in which 2 and 0 are the wavelength 
of the incident radiation and scattering angle in the 
medium, respectively. The matrix A and vi(q) in equation 
(1) are given by: 

Aij(q) = ~ [S ip (q ) -  t~i(q)Smp(q)](Zpr- Zpm) 4- l'i(q) 4- (~ij (2) 
p-1 

vi(q) = ti(q)/t,,(q) (3) 

where 

t~q)= ~ S jr(q) (4) 
r = l  

Note that in the derivation of equation (1), we used the 
incompressibility constraint and symmetry property of 
the structure factor [i.e. Su(q)= Sri(q)]- 

The determinant IIDII of Au(q) for a four-component 
polymer system is given by: 

l] D l] = [S4(q)/t4(q)]/V(q) (5) 

where S4(q) is the sum of Sir(q): 
4 4 

S4(q) = ~ ti(q)= ~ Sij~q) (6) 
i=1 i.j=l 

and F(q) is given by12: 
4 4 

r(q) = 1 + ~ , ~ q ) z u  + ~ Dz,uR~(q)ZuZkt + 2[W4(q)/S4(q)]z~ 
i.j i,j 

k.l 
(7) 

where W,(q) is the determinant of Su(q): 

W4(q) = H So(q) ll (8a) 

and 

Sir(q) = So'q) - ti(q)t~q)/S 4(q) (8b) 

D 2.iik,(q) ---= (1/4){2[Sijlq)Sk,(q) + Sk,(q)Sir(q)] 

- [Sik(q)Srt(q)+ Srdq)S,k(q) 
+ Sit(q)Srk(q) + Srk(q)Sidq)] 
+ Sik(q)Srdq )+ Sidq)Srk(q ) -  2Su4q)Skdq) } (8C) 

ZD = Z12,~ 13X23 "]- ~ 12Z 14Z24 + Z23Zz4Z34. -[- Z 13Z 14Z34 

- -  [(X12 + Z34)(X13Z24 + X14Z23--  Z12Z34) 

-~- (Z 13 -~- Z24)(Z 12Z34 -~- Z 14Z23 --  Z 13Z24) 

-1-(Z14 Jr" Z23)(Zl 2Z34 -~- Z l 3Z24 - -  Z l  4Z23)] (8d) 
With the aid of equation (2) the structure factors S~,gq) 
in equation (1) can be written as~2: 

S~fl(q) = fl(q) + 2 ~ D2,~flkl(q)zta 
k,I 

+ [Wa(q)/S4(q)]z~fl.2 } f F(q) (9) 

(~= 1.2.3; f l= 1.2.3) 

where 

/.~ ,_= 2(Z:.,~Z:.,: + Z,~,:Z:,,~+ Z,.,:Z6,:)-(Z~,~+/,~,:+ Z~,:) (10a) 

( , . #6#s# :~  and ";<6<e) 

Z~tfl, 2 = 2(Z=/~Z;,,5 + Z=).Z/y,,. + Z~6Zfl~) 
- L,,,~(Z~7 + Z~6 + Zf~7 + Zfl~) - Z ~ , Z I ~  - Z~aZl~~, + Z~ ,  

(7#&#~#f l  and "/<&) (lOb) 

The indices :~, [L ,', 6 and e 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 
l(q) is given by: 

3 

l(q)~ ~ (ai-a4)(ai-a4)Sij(q) (11) 
i.j= 1 

where ai 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 Su(q) are known, in 
the situation where accurate information for all ai is not 
available. Therefore, we consider only the stability limit, 
where I(q) becomes infinite at q = q*: 

I(q*)--. ac (12) 

From equation (11) the spinodal point of a four- 
component system can be obtained easily since every 
Su(q) has the determinant of Air(q) in the denominator. 
Note that if the determinant of Au~q) is equal to zero [or 
F(q) given in equation (7) becomes zero], all "gu~q) become 
infinite. In order to calculate F(q) for four-component 
systems, we need six different Flory interaction para- 
meters (Z12, Z13, Z14, Z23, Z24. and Z34) and four different 
values of the degree of polymerization (Na, N 2, N 3 and 
N4). For given values of N i (i = 1 -4) ,  ~,, ~ t, which makes ( ~]~slij J 
F(q*) equal to zero, can exist. Note that q* can be 
obtained from the value of q,, where F(q,, = q*) becomes 
zero I-or, I(qm = q*) diverges to infinity] at (Z~)u. qm is the 
value of q which makes F(q) a minimum at given Zu, and 
q,, can change with Zu for four-component polymer 
systems. For q*= 0, {(ZJu} describes the spinodal or the 
limit of thermodynamic stability for the macrophase 
transition (or separation), whereas for q*#0,  {(Zs)U} 
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 So(q) 
are given by: 

S1 ~(q)= c)jN~g(f~, S~)+ (omNmO2~g(1, Nnl) (laa) 

$22(q ) = qS,N,g(1 --.ll, N,)+ ~,,N,10~g(1, N,,) (13b) 

S33(q)=c~,,N,,(1- ~b,,)2g(1, N,,) (13c) 

S44(q ) = (~IIlNttt( 1 - -  @lll)2g( 1, Nil1) (l 3d) 

S~ 2(q) = (1/2)c/).N,[g(1, N.)-- g(.~, N,)-- 9(1 - J i ,  N.)] 

(13e) 

S23(q)=dPnNnOn(1 -- Ou)g(1, Nn) (13f) 

Sxg(q)=~)mNnd~m(1 - ~bm)0(1, Nm) (13g) 

S ~ 3(q) = $24(q) = S3,,(q) = 0 (13h) 

where ~bl, ~b, and q~m are the volume fractions of 
A-block-B, B-ran-C and A-ran-D copolymers, respec- 
tively, in the mixture (qS~+4h~+qSm= 1); N~, Nn and Nm 
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are the degrees of polymerization (or numbers of 
statistical segments) for A-block-B, B-ran-C and A-ran-D 
copolymers; and 3], is the volume fraction of component 
A in A-block-B copolymer; ~O, is the volume fraction of 
B in B-ran-C copolymer and fin, the volume fraction of 
A in A-ran-D copolymer. Here, the subscripts 1~, in So, q) 
represent monomers A D in the mixture, thus, $23(q ) 
means S~c, while the subscripts I-III in q~ and N mean 
A-block-B, B-ran-C and A-ran-D copolymers, respec- 
tively. Note that S~j(q) of a random copolymer is different 
from that of a block copolymer 13. Also, 9(f~, Ni)is given 
by: 

g(fi, Ni )=2[ f , . x i+exp(- f ix i )  - 1]/x~ (14a) 

where 

x i = - ( q R g i )  2 (14b) 

in which R~ is the radius of gyration of component i and is 
given by: 

Rg i = b(Ni/611:2 (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 ~¢II = ~/lll = 0.~ Z12  = Z14- = Z23 = J(34 = X, Z13  = 
Zz4=0; and a 1 ---a3, a 2 = a  4 equation (11) becomes (see 
Appendix): 

l(q)~(a, -a2)2/[S2(q)/W:(q)- 2Z] (15) 

where 

S 2 ( q )  = S 4 ( q )  = SAA(q )  + 2 S A n ( q )  + San(q) 

Wz( q ) = S AA( q)SBB( q) _ [SAn(q)] 2 

in which 

(16a) 

(16b) 

S A A ( q  ) = S l,(q) + $ 3 3 ( q  ) (16C) 

San(q) = $22(q) + 84.4(q) (16d) 

S A n ( q )  = $ 1 2 ( q )  (16e) 

where $11, $22, Sss, $4.4- and S,2 are given by equations 
(13a)-(13e) with ~ii = ~O,,, =0. It should be mentioned that 
previously others '3-I 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, 6hA.c, in the block copolymer 
would be the same as that of component A in the 
h o m o p o l y m e r ,  6nA. H and similarly Jna. c = 6ha, H. It should 
be mentioned that 6n~(q) is given by~6-1s: 

Jn,(q) = - fl ~ Su(q)U j(q) (l 7) 
j = l  

where U~q) is the external potential exerted by adding 
the j th monomer, and fl= 1/(kaT ) in which kB is the 
Boltzmann constant and T is the absolute temperature. 
Applying the incompressibility constraint and symmetry 
properties of ~o(q) to equation (17), we obtain 

m--1 

6n~(q)= --fl ~, S~k(q)[Uk(q)-- Ur,(q)] (18) 
k = l  

From equation (18) we note that in general 6n x (or 6hA. c) 
is not the same as 6n 3 (or 6hA.H), and that 6n 2 is not 
necessarily the same as 6.4-. In this study, equation (15) 
was obtained from (1) specific relationships of Z~2 (i.e. 

1(12 = , ~ 1 4  = Z2S = ~(34 = Z, Z13 = ~(24 = 0) ,  (2) a l  = a s ,  a 2  = a 4 ,  
(3) incompressibility constraint and (4) symmetric pro- 
perties of So(q). Of course, when any of these requirements 
is not satisfied, the scattering intensity I(q) cannot be 
given by equation (15). Note further that if SAB(q ) in 
equation (16e) is replaced by $12(q)+ 534(q), equation (15) 
can be used to calculate I(q) for binary mixtures of two 
block copolymers having the same constituent com- 
ponents, (A-block-B),/(A-block-B)2. 

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(q* = 0) = 0 and W(q* = 0) = 0, the 
spinodal curves of the macrophase separation for this 
system can be obtained from equation (7): 

1,/( N,Uljc~,c~.) + I /( N,NIII(91Cp m) + 1/( N,iN,l,C~n(bm) 

- -  2[ZI,II/(NIIIff)HI ) + Zl, l l i / (Nil~bl l )  -~- Z,,.,,,/(N,4),)] 
+ 2(Z,..Z,.m + ZLuZ..,, + ZLmZ,.,ll) 
-- [-(ZI.II) 2 -~- (ZI.III) 2 -~- (ZI[,III) 2] ~-- 0 (19) 

where 

~1.11 = J i(  l - -  1//11)~13 + (1 - -  f l  - -  ~/II)(1 - -  ~/11)~23 

- f , ( l  - f ,  - ~,,,)z i z (20a)  

ZIAII = ( f l  - -  I]/III)(1 - -  IJJIll)X14- - ~ ( l  - - f l ) ( 1  - -  if/Ill)Z24 

- ( I - f,)(Jl - ~ba,)Z, 2 (20b) 

Zi,.n, = ~b,,0,,,Z, 2 + ( 1 -- ~,,)~,,,Z, s + ~b,,( 1 -- 0re)Z24 

+(1 - ~,,)(1 - 0a0Za4.- 0.(1 - @II)Z23 

-- ~tIII(1 -- ~III)Zl4 (20c) 

Here. subscripts I-4 in Z represent the monomers A-D, 
while the subscripts I Ill in Z 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 @a=~,m=0, ~(13 = 
Z24~-0, and Z12~--Za4=Z23=Z34=Z which represents as 
(A-block-B)/A/B mixture. For this mixture, from equations 
(19) and (20) (zN,) . . . . . . .  is given by: 

(zN,) . . . . . . .  = [ 1/(r,,qS,c~b,,) + 1/(r,,iq~,q~l,,)+ l/(r,,rm(a,,(o,,,)]/ 

{ 211/0, + f~Z/(r..~b.) + (1 - f f / ( r . , 4 ) , . ) ]  } (2 l) 

where 

r n = N./N~ and r m= N. , /N  I (22) 

The optimum value of fl. Jl ..... at which (zN0 .. . . . . .  
becomes the maximum for given r.. r m, q~ll and q~.,. can 
be obtained from: 

[a(zN,) . . . . . . .  /~fl] = 2g(r. q~)[ -f~/(r,,O,,) 
+ (1 -.f~)/(ra,0,,,)] = 0 (23) 

where 

g(r, ~b)= [ |/(riiq~1011 ) -4-- 1/(r,l,~bl~b,ii)+ l/(r,,r,,ldp,,qSai)] / 

2[ 1/(h, + fl2/(rllq~,,)+ (1 -- f02/(r,,,th,,,)] } 2 (24) 

From equations (23) and (24),fi . . . .  can easily be given by: 

f] . . . .  = 1/[-1 -~-(rlllq~lll)/(rn~bll)-] ( 2 5 )  
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It is of interest to see from equation (25) that a block 
copolymer withf  > 0.5 becomes more efficient than a block 
copolymer withf~ < 0.5 in compatibilizing two immiscible 
polymer blends where homopolymer B becomes the 
disperse phase in the matrix of homopolymer A (or 
4'. > 4',0 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 orb is more efficient in compatibilization. 

Recently Kim and co-workers 19 have studied the effect 
of the weight fraction of the polystyrene (PS) block, Wes~b), 
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 
Wps~b~ is 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 Wps~b~=0.81 is the most effective, SI-114 having 
Wps~b I = 0.6 is intermediate, and SI-113 having Wpslb I = 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 (120000). Their 
experimental results are in agreement with the theoretical 
predictions of equation (25). 

Also, the sign of ~(zN,) . . . . . . .  /(~4'1 becomes very impor- 
tant in judging the effectiveness of a compatibilizer of a 
block copolymer z°. When c3(zN 0 . . . . . . .  /04',>0, a block 
copolymer enhances compatibilization of two immiscible 
homopolymers, while a block copolymer does not play 
the role of compatibilizer if 6~(zNI)s, m . . . .  /(~4'1 < 0. It should 
be examined whether or not there exists a value of 4'., 
q)* above which 0()N,) . . . . . . .  /~4'~ < 0 even if 0(zN1) . . . . . . .  / 

04',>0 at smaller values of 4',. If there exists 4,*, the 
amount of block copolymer used must be smaller than 
qS* in order to enhance compatibilization. The value of 
~b* can be obtained from equation (21): 

[c~(zN,) . . . . . . .  /634' , ]q,) ]  = [ ( A  - -  1 / / ' i l l ) ( O  - -  B/r,,)(4'*) z 
- 2A((I)- B/rl,)4'* + A(@-  B/r,,) 
+ O/rm]/{2r,,[h(4', r)] 21 = 0 (26) 

where 

h(4',r)=(1 -4',)[(1 -4',)@ + B4',/r,,] (27a) 

A = 1 - E1 -(r,,/r,,,)]4'n (27b) 

B = fl2(1 - 4'H) "~ (1 -- fo x 4'nrn/rm (27c) 

4'n = 4h,/(~b,, + 4',,,) = 4',,/(1 -- 4',) (27d) 

@ = 4'n( 1 - 4'n) (27e) 

From equation (26) 4'~' is given by: 

(4'~')+ =[1 +(1-DD)I/2]/(1 - - X  - 1  ) (28) 

cohere 

DD=(1 -1/X)( l  + I/.[X[I -B/(r,,@)]}) 

X = r,nA 

(2%) 

(29b) 

Note that DD in equation (29a) must be < 1 in order for 
75~' appearing in equation (28) to become real. From the 
possible solutions given by equation (28), only (4'*)_ is 
acceptable since 0<4'~' < 1. For X =  1 (or A = l/rm), 05* 
in equation (28) reduces to: 

4'* = (1/2){ 1 + 1/[1 - B/(r,,@)] } (30) 

From equations (28) and (29), one can obtain the 
following conditions for @ defined by equation (27e) in 
order to satisfy the constraint 0<(4'*)_ < 1. 

• < ~* = B/Ern(1 + l/X)] (31) 

It can be seen from equation (26) that at (4'*)- (zN0 . . . . . . .  
has a minimum when (A - Urn,)(@-B/ru) is positive, while 
this becomes the maximum when ( A - 1 / r m ) ( @ - B / r , )  
becomes negative. 

RESULTS AND DISCUSSION 

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

Forfl = 0.5, and rn ( = Nn/NO = rm ( = Nm/NO = r, plots 
of(zN0 . . . . . . .  versus OH at various values of 4', for different 
r are given in Fiyure 1. Here, N,, N.  and N,,, 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 (27c) we obtain A = 1 

G 

E 

z- 

,//(a) [/,~ 

9 

6 

2 
(1) 

3 

, I , I , I ~ I L 
0.0 0.2 0.4 0.6 0.8 1.0 

% 

45 

@ 

I 
Z 

30 

t 
(b) 

(4) 

/¢ (21 (1) 
I , I ~ I , 1 

0.2 0.4 0.6 0.8 
% 

15 
I I 

0.0 1.0 

Figure 1 Plots of (zNO . . . . . . .  cersus ~n for the (A-block-B)/A/B blend 
where./~=0.5 and rn=rln=r at various values of q)l for two values of 
r: (a) r=0 .5 ,  curve (1) for ~bl=0, curve (2) for 01=0.1, curve (3) for 
q)l =0.225, curve (4) for ~bl=0.3, curve (5) for ~bt =0.5; (b) r=0 .1 ,  curve 
(1) for q),=0, curve (2) for ~bl=0.06, curve (3) for q)i=0.1, curve (4) for 
(91-0.3, curve (5) for q51-0.5 
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and B =  1/4 regardless of r. It can be seen in Figure la 
(i.e. for r = 0.5) that (xNI) . . . . . . .  increases as ~bl increases for 
tO > tO* = 1/6 [or ~b~ is either 0.211 or 0.788 obtained from 
equations (31) and (2%)]. When tO<tO*, (gNl)s.macro 
decreases until ~b,=(q~*)_, and increases again as ~1 
increases. That is, (xN,) . . . . . . .  exhibits a minimum at (~b*)_ 
since (A-1/rnl) ( O - B / r , )  becomes positive due to the 
constraint of tO ~< 1/4 [see equation (27e)]. For instance, 
when tO=0.1 (i.e. ~bH=0.113 and 0.887), (zNi)s,macro 
decreases until ~b~ reaches (~b*)_ of 0.225 and then 
increases again as ~b~ increases, which was previously 
demonstrated by Figure 3 in reference 20. When (kH 
<0.211 or >0.789, the added block copolymer to the 
mixture reduces ( zNI )  . . . .  c ro ,  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 havingf~ = 0.5 as an effective compatibilizer, the 
volume fraction of the homopolymer A in two immiscible 
homopolymers, ~bH, must be controlled between 0.211 
and 0.789. Of course, a better compatibilization effect is 
expected when ~bH lies near 0.5. 

When r is decreased from 0.5 to 0.1, plots of(zN 0 . . . . . . .  
versus gb H at various values of ~b~ are given in Figure lb, 
where tO* increases from 0.167 to 0.227. Note that the 
regions for ~bH where (xN0 . . . . . . .  decreases initially with 
increasing ~b~, are expanded. For example, when ~b H is 
kept at 0.27, as ~b, increases (zNi)s.maero decreases initially 
for r=0.1 while this increases for r=0.5. For smaller 
values of r, ~bH must be close to 0.5 in order to increase 
(zN0 . . . . . . .  with increasing ~bl. Otherwise, a block co- 
polymer will not become an effective compatibilizer in 
two immiscible homopolymer blends. 

In order to study the effect off~ on the compatibilization 
of this blend we consider an asymmetric value offv For 
f l=0.8 and r , =  rm=r, plots of (zN 0 . . . . . . .  versus ~H at 
various values of ~b~ for different r are given in Figure 2. 
It can be seen in Figure 2a that for r=0.5, (zNO . . . . . . .  
increases with ~b I for 0.448 < ~b H < 0.952. However, outside 
this region of ~bH, ()~Ni)s,m . . . .  decreases initially, reaches 
a minimum, and then increases again with increasing ~b I. 
Note from Figures la and 2a that the regions for ~bH, 
where c~(zN 0 . . . . . .  o/c~b~ < 0, move toward larger values of 
~bH with increasing fv Thus, for larger values of f~, ~b H 
must be >0.5 in order to have positive value of 
O(zNO . . . . . .  o /~q~ l .  General trends of (zN0 . . . . . . .  f o r f  =0.8 
at various values of r are similar to those forf l=0.5 at 
the corresponding values of r. For instance, with de- 
creasing r, the regions for On, where c~(xN0 . . . . . . .  /&b~ < 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 (zN 0 . . . . . . .  might be applied to  regions 
when (~I < (J~I,C' above which (ZNl)s.micro < (zN0 . . . . . . .  " 

The plots of(zN0s versus qb~ at two different values of r, 
0.5 and 0.1, are given in Figure 3 where ~Lc.~0.50 
when r=0.5 and ~bH=0.7. It can be seen in Figure 3 that 
(ZNl)s,macro for ~bH=0.7 is always greater than that for 
~br~=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 
()~NI) . . . . . . .  versus c~r, at various values of ~b I a r e  given in 
Figure 2b. In this situation where ~br~ <0.65, (zN0 . . . . . . .  
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F i g u r e  2 Plots of (zNt) . . . . . . .  versus ~brt for the (A-block-B)/A/B blend 
whereJ i=0.8  and r.=rm=r at various values of ~b I for two values of 
r: (a) r=0.5,  curve (1) for ~bl=0, curve (2) for ~bt=0.1, curve (3) for 
¢9~ =0.2, curve (4) for q~l =0.3, curve (5) for ~bl =0.4, curve (6) for q~l =0.5; 
(b) r =0.1, curve (1) for ~t =0,  curve (2) for ~)1 =0.1, curve (3) for q~, =0.2, 
curve (4) for ~bl-0.3, curve (5) for ~bl=0.4, curve (6) for ~t =0.5 

decreases initially with increasing ~b~, 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 Z~js are 
assumed to be known. In this case, equation (19) becomes: 

where 

a[(zN,) . . . . . . .  ] 2 _ b(zN,)s, m ... .  + c = 0 (32) 

a = 2(Rl.nRl,n] + RLnRmm + Rt.mRn.m) 
- -  [(RI,II) 2 -4-(Rl.m) 2 + (R,l.nl) 2] (33a) 

b = 2[Rl,n/(rnldPnl) + Rl,lll/(rll~)ll) + R I I , I l I / I ~ I  ] (33b) 

C = 1/(rllq~lq~ll ) +  1/(rmq~N~m)+ 1/(r.rm~pnq~Ul ) (33c) 

in which 

r,, = Nn/N,; r m = Nm/N, (33d) 
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F i g u r e  3 Plots o f (zNik  r e r s u s  ~1 for the (A-block-B):A/B blend where 
J i=0 .8  and  r H = r m = r  at different values of ~b, for two values of r: (a} 
r=0 .5 ,  curve (1) for ~b. =0.3,  curve (2) for ¢5, =0.7:  (b) r=0 .1 ,  curve (1) 
h~r q~.=0.3,  curve (2) for ~ . = 0 . 7 .  The  asterisks represent  qh.~ above  
which (zN0,.mi,o is smaller  than  (zN I) .......... 

R,.,, = Zkn/Z12; RLm = ZI,III/Z1 2; RIº.,,I = ~.II.III/Z 1 2 (33e) 

and/l.ii,/i.111 and ZII,III are given by equations (20a), (20b) 
and (20c) with 6 . = 6 m = 0 .  Here, the subscripts I-III 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, (zN0 . . . . . . .  has two values if 
(b2-4ac)>O. In order to test whether or not the two 
values of C~N0 . . . . . . .  represent the spinodal for macro- 
phase separation, one must have plots of F(q) versus q 
near q =q* = 0  where F(q) is given by equation (7). In 
order to have a physical significance of the spinodal point 
for macrophase separation, F(q*=0) must be minimum 
at q*= 0, in addition to F(q*= 0)= 0. 

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

~13 = J(24=Z34=Z12 (34a) 

~14=Z23 =fl~12 (34b) 

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 8. 

For.~ = 0.5, r ,  = r m =0.5, and fl= 2, plots of (zN]) . . . . . . .  
rersus q5 H at various values of q~l, and plots of(gNOs versus 
~b~ at two values of ~b H are given in Figures 4a and b, 
respectively. In this system there exist two values 
of (zNI) . . . . . . . .  i.e. (zNO(s_~ .... and " (+) , (ZNl)s.macro, where 
(zN,)(~.-m ~ . . . .  < (zN,)~,.+m ~ ..... from equation (32). But, the value 
of ~-' (Zgl )s ,macro  is taken as (zNt) . . . . . . .  in Figures 4a and b 
since at " (- ( z N I )  . . . . . . . .  F(q*= 0) becomes a minimum while 
F(q=O) at " (+) (~N0 . . . . . . .  becomes a maximum although 
F(q = 0) becomes zero at both values of (;~N 0 . . . . . . .  . This 
is demonstrated in Figure 5. 

It is interesting to note in Figure 4a that (xN0 . . . . . . .  
becomes a minimum at ~b,=0.5 for values of ~b~<0.12, 
while this becomes a maximum at ~bn=0.5 for larger 
values of ~b~. This indicates that the block copolymer 
becomes an effective compatibilizer for the mixtures of 
homopolymers C and D having qS. equal to ~bn, when 

,I \ / 
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0.0 0.2 0.4 0.6 0.8 1.0 
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F igure4  a P lo t so f  zN l . . . . . .  rersuscPnforthc(A-block-B)/C/Dblend 
whcre jl =0.5.  r ,  = r  m =0 .5  and /3=2 at var ious  values of 051: curve (I) 
for 4h=0 :  curve (2) for ~hl=0.1: curve (3) for q51=0.2; curve (4) for 
~bi=0.3; curve (5) for ~b]=0.4: curve (6) for ~bl=0.5. tb) Plots  of IzN0, 
rersus c~ at two values of ~b,: curve ( 1 ) for q~H = 0.2; curve (2) for q~n = 0.5 
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Figure 5 Plots of F(q) versus qRg. for the (A-block-B)/C/D blend where 
fit0.5, rn=rm=0.5, ~1=0.2, ~bn=0.2 and fit2 for various values of 
t/Ni): (1) 2.0: (2) 3.25: (3) 5.0: (4) 9.02: (5) 12. Here (zNO~_m~acro = 3.25 and 
(zN,jl~+m~cro = 9.02 

as the value of (zNI)s,maero 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 fl is increased, 
the interfacial concentration of the block copolymer at 
(or near) the interface becomes greater. This means that 
as the value of fl increases there is little chance that a 
block copolymer exists in the homopolymer phase, 
resulting in lower values of (zNI) . . . . . . .  (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 21'22 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 

the amount of block copolymer in the mixture is relatively 
large (say, ~b, >0.13). Also, it can be seen in Figure 4b that 
for ~brt=0.2, (zNI) . . . . . . .  decreases until it reaches a 
minimum at ~b~ = 0.4, and increases again as ~b~ increases. 
For larger values of OH with increasing ~b~, (zNI) . . . . . . .  
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 ~b= > ~ 0.9. 

When fl is increased to 0.8, plots of (zNI) s versus c~ l at 
various values of ~b H are given in Figure 6. Note that 
macrophase separation dominates microphase separation 
until ~b= reaches -,~0.95 although this is not included due 
to lack of space. The general feature of (gN0s is very 
similar to that given in Figure 4b. For example, with 
increasing ~b~, (xNO . . . . . . .  increases initially at ~b H = 0.7 and 
decreases at qSrt--0.3, very similar behaviour to that 
observed in the (A-block-B)/A/B mixtures (Figure 3a). 
However, if the behaviour of (zN~)~ 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 (zN,) . . . .  e r o  is only considered. When the 
value of fl is decreased from 2.0 to 1.5, the plots of (gNi)s 
versus dpl at ~b u =0.3 and 0.7 are given in Figure 6b. When 
the value of fl decreases, (zN~) . . . . . . .  increases, 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 
(zNi)s,macro is 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 6-s. 

In other words, in the strong segregation regime the 
overall inhomogeneity increases at a given temperature 
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Figure 6 Plots of (zNO, rersus 4t for the (A-block-B)/C/D blend where 
#i=0.8, and r n =rm=0.5 at two values of ~b H for different fl: (a) fit2.0, 
curve (1) for ~bH=0.3 , curve (2) for ~bu=0.7; (b) fl=l.5, curve (1) for 
~btl =0.3, curve (2) for 0H =0.7 
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be obtained from equations (19) and (20) with tp. = 0. The 
crucial step to obtain (zNj)~ . . . . . .  from equations (19) and 
(20) is to have values of six interaction parameters, Zus. 
Note that experimental data of Zu vary considerably when 
different experimental methods, for instance, turbidity 
measurement, small-angle neutron scattering (SANS) and 
the ellipsoidal method are employed 23. In the present 
study the values of six Zus were taken from various 
experimental studies (Table 1). 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, i.e. pps=l.05, 
PPMMA = 1.17, PPPE = 1.07 and PPSAN = 1.18 g cm - 3. 

Plots of (zNi)s,macro v e r s u s  ~b n [ = (~ppE/((~ppE + (J~PSAN)] 
for ql(= Nn/NO = 0.25, rm( = Nm/N 0 = 0.5 and Cm = 0.77 
(i.e. 75wt% PS in PSAN) are given in Figure 7a for 
f~=0.53 (i.e. 50wt% PS in SM), and in Figure 7b for 
f~=0.72 (i.e. 70wt% PS in SM). Here, the subscripts I, 
II, and III in N represent A-block-B, homopolymer C 
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On 

0.0 0.2 0.4 0.6 0.8 1.0 
0n 

F i g u r e  7 Plots of(gNl) ....... versus ~b n for the (A-block-B)/C/(A-ran-D) 
blend, where ~0m =0.77, r.=0.25, rni=0.5 and Zus are given in Table 1, 
at various values of ~b I for two values offl: (a)fx=0.53; curve (1) for 
q~l= 0, curve (2) for q~j=0.05, curve (3) for 4)t =0.1, curve (4) for q~1=0,2, 
curve (5) for q~l=0.3, curve (6) for 4h=0.5; (b)fi=0.72, curve (11 for 
~bl=0, curve (2) for ¢i=0.1, curve (3) for 4h=0.2, curve (4) for q~i=0.3, 
curve (5) for ~bj=0.4, curve (6) for ~b.=0.5 

T a b l e  1 Values of Zu used in the numerical computation 

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

Zo 1.14" 0.03" 0.69" 0.1 0.48 1.49 b 
Ref. 24 24 24 25 26 27 

"Zu were obtained from the reported values of B u (Bs/AN=6.74; 
BS'MMA=0.18; BANMMA=4.11calcm-3) in Table 4 of reference 24 
using the relationship, gii = BuV~¢r/(RT). Here, Vr~ f = 100 cm 3 m o l -  1 and 
7 =  298 K were used 
ZPL AN is different from the value in reference 27 since it is obtained 

from equation (3) in reference 27 using ZS~AN -- 1.15 instead of ZS/AN = 0,17 
reported in reference 27 
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F i g u r e s  Plo t so f ( zNO~versus4h for the (A-b lock -B) /C / (A-ran .D)b lend  ' 
where ~0m=0.77, q~n=0.5, rn=0.25, rm=0.5 and .Zus are given in 
Table 1, at two values off~: (a)f~=0.53; (b)f~ =0.72 

and A-ran-D copolymer, respectively. It can be seen from 
Figure 7a that with increasing ~b~, (zN 0 . . . . . . .  decreases 
gradually until ~b~ reaches ~ 0.3 and increases again. The 
values of (zN0 . . . . . . .  at any (k~ are less than those for 
mixtures without a block copolymer. As can be seen in 
Figure 7b, for fl =0.72 (zNi),.macr o increases steadily with 
increasing ~b~ in the regions of 0.38<4~n<0.7. Thus, it 
can be concluded that at a given N~, 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(zN 0 . . . . . . .  versus ~PH for the (A-block-B)/C/(A-ran-D) 
blend, where qq.=0.63, r ,=0.25,  rm=0.5 and Zijs are given in Table 1, 
at various values of ~l for two values of~:  (a)fl=0.22,  curve (1) for 
4h=0, curve (2) for ~bt=0.1, curve (3) for q~l=0.2, curve (4) for 4h =0.3, 
curve 15) for 4h=0.4; (b)./i=0.53, curve (1) for ~b]=0, curve (2) for 
4h = 0.1, curve (3) for qS~ = 0.2, curve (4) for q~j = 0.3, curve (5) for q~] = 0.4 

if (zNO . . . . . . .  is 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 (zNO . . . . . . .  varies with ~b n 
for two values off~. It can be seen in Figure 9a that for 
f ~ = 0 . 2 2 ,  (~Ni)s,  m . . . .  decreases initially then increases 
again with increasing ~b~. However, for f] = 0.53 (zNO . . . . . . .  

increases with qS~ 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 

Stadler and co-workers 21'22. 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, Sij(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, (;(NO .. . .  cro, for 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 (zNI) .. . . . . .  becomes 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 havingf~ > 0.5 is more 
efficient than one having f] < 0.5 in increasing (xN0s.r~ ..... 
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 19. 

The effect off~ o n  (zNI )  . . . . . . .  for the (A-block-B)/C/(A- 
ran-D) system has also been studied. Again, depending 
on the value of f~, (zNO . . . . . . .  increases 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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A P P E N D I X  

Derivation o f  equation (15) 

C o n s i d e r  an  (A-block-B)/(B-ran-C)/(A-ran-D) m i x t u r e  
wi th  O i l = O l l l = 0 ,  which  r educes  to  an  (A-block-B)/C/D 
mixture ,  for  which  the fo l lowing  two  e q u a t i o n s  are  

satisfied.  

Z I 2 ~ - - Z 1 4 = X 2 3 = Z 3 4 = X ;  Z 1 3 = X 2 4 = 0  (A1) 

a l  = a 3 ;  a 2 = a  4 (A2) 

In this  case  F(q) in e q u a t i o n  (7) a n d  'Su(q) in e q u a t i o n  (9) 
become:  

F ( q ) =  1 + [S12(q)+S14(q)+S23(q)+g34(q)]z (A3) 

S~t~(q) = [S-~/~(q) + 2D*t~(q)]/F(q) (A4) 

where  
4 

D*fl(q) = 2 ~ D2,~l~,(q)zk, (A5) 
k,I 

In the d e r i v a t i o n  of e q u a t i o n s  (A3) a n d  (A4), the  fo l lowing  
r e l a t i onsh ip s  were  used: 

4 
D2,i2kt(q)zuZk I = 0 (A6) 

i , j  
k,I 

Z~f; ,z=O(a=l,2,3,4;  f l=1,2,3,4);  Z D = 0  (A7) 

F r o m  e q u a t i o n s  (A1), (A5) a n d  (8c) we have  the fo l lowing  
re la t ionsh ips :  

D*~(q) = D*3(q) = - D*3(q) (A8a) 

D 2 2 ( q ) -  D 4 4 ( q ) -  - D*4(q) (A8b) 

D*2(q) = D~4(q) = - D*4(q) = - D*3(q) (A8c) 

S u b s t i t u t i o n  of  e q u a t i o n s  (A3), (A4), (A8), a n d  (9) in to  
e q u a t i o n  ( 1 l) gives: 

l(q) ~ (al - a2)2[$1 l(q) + 2S13(q) + $33(q)]/ 

[1 + 2[S, 2(q)+ g14(q)+ S23(q)+ S34(q)]z} (A9) 

Also,  f rom e q u a t i o n s  (6) a n d  (8b), we have:  

S-I l(q) + 2813(q) 4- ,~33(q} 

= { [$1 l(q) -k- $33(q)] [$22(q) 4- $44(q) ] 
- -  IS ,  2(q)] 2 }/S4(q ) (A 10) 

and  

1 + 2[Slz(q ) + g,4(q) + $23(q)+ S34(q)]z 
= {S4(q)- 2[(S~ l(q) + S33(q))(Sz2(q) 

+ S,,4(q))- S22(q)]z}/Sa(q) (A11) 

F ina l ly ,  s u b s t i t u t i o n  of  e q u a t i o n s  (A10) a n d  (A11) in to  
e q u a t i o n  (A9) gives e q u a t i o n  (15). 
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