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ABSTRACT Ordered structures of binary mixtures of poly(styrene-block-isoprene) diblock copolymers (SI) 
were studied with transmission electron microscopy and small-angle X-ray scattering. In the caw when fu 
z fa = 0.8 or fa = 1 - fp = 0.7 and r NOJNp I 2, the two copolymem, designated a and 8, are found to be 
mixed at a molecular level for all blending compositions, resulting in a single domain morphology (i.e., spherical 
microdomains packed in a cubic lattice, hexagonally packed cylindrical microdomains, or alternating lamellar 
microdomains). Here fK and NK are the volume fraction of one of the block chains (e.g., polystyrene) and 
the total degree of polymerization of the Kth copolymer (K = a or /3, Nu > Np). Even in the case when fa 
z f p  r 0.8, if r 1 7, a and 6 are found to be partially miscible. They phase-separate into large spheres rich 
in a and small spheres composed of almost pure B for the composition (eu) of a component satisfying @a I 
aU,c = 0.8. The phase separation was proposed to result from the "fluctwtion-induced segregation effect". 
On the other hand, in the case when fu = 1 - fa = 0.8 (or 0.2 and r 2 1.2), the mixtures are found to form 
a modulated (or superlattice) structure having a spatid arrangement of a-rich and &rich domains with a 
characteristic length scale of microns. Each domain rich in a or 0 has the microdomain structure characteristic 
of the copolymers a or 0 with a characteristic length sale  of nanometers. The superlattice structure was 
proposed to originate from the macrophase separation between a and Band subsequent microphase separation 
induced in the regions rich in a and @ copolymers. 

I. Introduction 
In the previous works of this series,lP2 we explored a 

miscibility criterion and self-assembled structures in 
binary mixtures of the poly(styrenebZock-iene) diblock 
copolymers (S-I). The two copolymers (S-I), and (S-1)~ 
having f, = fp = 0.5 were examined, fK being the 
composition of the polystyrene block chain (PS) for the 
Kth S-I copolymer (K = Q or 8). They were totally miscible 
at  the molecular level to give a single microdomain 
morphology in the segregation limit, in the case of r 
N,/Nb I 5. Here NK is the total degree of polymerization 
for the Kth copolymer (K = Q or 8, Nu > Np). However, 
in the case of r 1 10, two copolymers were found to be 
partially miscible, undergoing the macrophase separation 
into the regions rich in a and those rich in j3 for the blend 
composition 9, satisfying @,,cs I 9, I @ p o , c ~ .  This 
macrophase separation was proposed to occur as a 
consequence of the microphase separation of the copoly- 
mers. 

In part 2 of this series,2 we explored, in detail, the 
morphology of the macrophase-separated domains, espe- 
cially the morphology at  the interface in which the two 
coexisting microdomains rich in Q and j3 are commensurate 
with each other. The morphology was qualitatively 
interpreted on the basis of the "macrophase separation 
induced by microphase separation" which in turn was 
proposed to be triggered by the "fluctuation-induced 
segregation effect": when the mixtures become thermo- 
dynamically unstable and the amplitude of the concentra- 
tion fluctuations increases, the small copolymers (S-I)@ 
are put in the fields rich in polystyrene block (PS,) or 
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Table 1. Molecular Characteristics of Block Copolymers 
specimen PSIPI 

code lWM, lO-BN, M,IM, wt/wt vol/vol momholom - - -- .. .. - 
HSll  122.0 17.0 1.31 80120 78/22 sphere 
B2 17.6 2.30 1.26 85/15 83/17 sphere 
B1 8.2 1.05 1.22 83/17 81/19 cylinder 
TOKI4 9.4 1.67 1.30 20/80 18/82 cylinder 
BSI9 22.4 2.53 1.00 67/33 64/36 cylinder 
HK5 18.2 3.01 1.25 29/71 26/74 cylinder 

polyisoprene block (PI,) of the large copolymer (SI),; 
viz., (S-1)~ polymers feel as if they are put in the field of 
homopolymers PS, or PI,, and hence they are subjected 
to segregation from the microdomains of (SI),. 

In this paper we further extend the studies along this 
line on the miscibility and self-assembled structures in 
the binary S-I copolymers having f p s  = 0.64-0.83 or 0.17- 
0.26 and hence showing either spherical or cylindrical 
microdomains. 

11. Experimental Method 

A. Specimens. S-I block copolymers studied in this experi- 
ment were prepared by sequential living anionic polymerization 
with sec-butyllithium as the initiator and benzene (for TOKI4) 
or tetrahydrofuran (for the others) as the solvent. Table 1 
summarizes the characteristics of the copolymer samples. An 
important feature of these S-Isamples is that they are asymmetric 
block copolymers and all of them have the volume fraction of one 
component about 0.7-0.8, thus forming cylindrical or spherical 
microdomain morphologies. A major component is PI for HK5 
and TOKN and PS for the others. 

We studied binary mixtures of B2/B1 and HS11/B2 having 
similar fps (g0.2) but different r (2.15 and 6.90, respectively) and 
those of BSI9/HK5 and B2/TOKI4 having different fps. The 
blend specimens were prepared by dissolving the polymer 
mixtures to make 5.0 wt ?6 solutions in toluene, a neutrally good 
solvent for both PS and PI, and by evaporating the solvent very 
slowly over 2 weeks at 30 "C in Petri dishes. The film specimens 
thus obtained were further dried in a vacuum oven until constant 
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Figure I. Transmission electron micrographs of ultrathin sections of B11B2 mixtures stained with osmium tetraoxide. Neat B1 
(100/0) and the 60140 mixture show the hexagonally packed PI cylindrical microdomains in the matrix of PS block chains. On the 
other hand, neat B2 (0/100) and the 50150 mixture show the PI spherical microdomains in the matrix of PS block chains. Macrophe 
separation was not observed in any mixtures. The morphological transition from cylinder to sphere was observed at a composition 
between 60/40 and 50150. 

weight was attained. The thickness of the cant films was ea. 0.6 
mm. The specimens thus obtained were further annealed at 150 
O C  for 2 h in a vacuum oven. 
B. Electron Microscopy. The microdomain structures 

formed in the films of the binary mixtures were examined by 
transmissionelectron microscopy (TEM). TEM observation was 
done with a Hitachi H-600s transmission electron microscope at 
100-kV accelerating voltage. To prepare the test specimens. the 
blend films were first stained with osmium tetraoxide (0~0,) 
vapor and embedded in epoxy resin. The ultrathin sections of 
ca. 50-nm thickness were obtained by using an LKR 4800A 
Ultrotome with a glass knife at rwm temperature. 

C. Small-Angle X-ray Scattering. The microdomain 
structures were investigated by small-angle X-ray scattering 
(SAXS)(wavelengthA=O.I54nm)usinga 12-kwrotatinganode 
X.ray generator operated at 50 kV and 200 mA, a 1.5-m SAXS 
camera with a graphite monochromator, and a one-dimensional 
positionsensitive proportional counter. The SAXS profiles were 
corrected for the air scattering, the absorption, and the back- 
ground scattering due to thermal diffuse scattering (TDSJ. The 
profiles were further corrected for the slit-height and alit4dth 
smearing effects 

111. Experimental Results 
A. TEM Observation. Figure 1 shows typical TEM 

micrographsfor the binarymixturesof Bl/B2. The 100/0 
specimen (neat B1) exhibits a cylindrical microdomain 
morphology,with thedarkPIcylindersstainedwithOsOl 
being dispersed in the bright matrixof unstained PS block 
chains. On the other hand, the 0/100specimen (neat 82)  

exhibits a spherical microdomain morphology with the PI 
spheresdispersedinthe matrixofunstainedPS. Similarly, 
the 50/50 mixture shows a uniform structure of spherical 
microdomains with a monodispersed diameter all over the 
specimen. This means that the two different kinds of 
block copolymers were mixed at  the molecular level to 
form a single spherical microdomain. On the other hand, 
the60/40mixture shows auniform structureofhexagonally 
packed cylindrical microdomains with a monodispersed 
diameter and domain spacing all over the specimen, 
indicating that the two copolymers are mixed to form a 
single domain morphology. It should he noted that only 
one type of microdomain morphology was observed in each 
composition and that there was an abrupt change in 
morphology from the cylindrical to the spherical one at 
a composition of (S-I),/(S-I),, between 60/40 and 50/50. 

Figure 2 shows TEM micrographs of the neat SI 
copolymers HK5 (part a) and BSIS (part e) and that of 
their 50/50 w t  %/wt % mixture (part h). HK5 shows 
hexagonally packed PS cylinders in the PI matrix, while 
BSIS shows the hexagonally packed PI cylinders in the 
PS matrix. The 50/50 mixture uniformly shows the 
alternatinglamellar microdomains of the PS and PI block 
chains everywhere in the sample space. This implies the 
two copolymers are mixed a t  the molecular level to form 
the single microdomain morphology with a long-range 
spatial order. 
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Figure 2. Transmission electron micrograph of ultrathin sections of HK5/BSI9 mixtures stained with osmium tetraoxide: (a) neat 
HK5, (b) 50/50 mixture, and (c) neat BSIS. HK5 shows the hexagonally packed PS cylinders in the matrix of the PI block chains, 
while BSIS shows the hexagonally packed PI cylinders in the matrix of PS block chains. The 50/50 mixture shows the alternating 
lamellar micrcdomains in which both HK5 and BSIS block chains are mixed uniformly at a molecular level. 

Figure 3 shows typical TEM micrographs obtained for 
thebinarymixturesofB2/HS11. NeatB2andHSll both 
form spherical microdomains of PI block chains in the 
matrix of PS block chains, but their average domain 
diameters and domain spacings are quite different. In 
the 20/80 mixture only one type ofsphericalmicrodomains 
with an average diameter and an average spacing in 
between those of the neat copolymers is observed. In 
contrast, the 30/70 mixture shows the coexistence of two 
types of spherical microdomains: large ones having the 
average diameter close to  that of the 20/80 mixture and 
small ones having the average diameter close to that of 
neat B2. The large and small spheres are uniformly 
dispersed over the scale of a few micrcdomains. This 
means that the large and small copolymers segregate into 
the respective spheres, butthis segregationdoesnot extend 
to the macroscopic level, in such a way that they form 
macrodomains packed with large spheres and macro- 
domains withsmallspheres (see Figure 9 later) (the’local- 
sca1e”phaseseparation). Thelocal-scale phaseseparation 
without the macrophase separation similar to the 30/70 
mixture was observed in the TEM images of the mixtures 
with the compositions from 40160 to 90/10. The average 
distance between the adjacent large spheres depends on 
the blend composition or the fraction of small spheres 
composed of B2. The 90/10 mixture shows such a unique 
structure that the large spheres are randomly distributed 
in the ordered cubic lattice composed of the small spheres. 

Figure 4 shows the TEM image of the 30/70 mixture of 
TOKI4/B2. Neat TOKI4 has a microdomain structure of 
PS cylinders hexagonally packed in the PI matrix, though 
not shown here. The image of the mixture is complicated. 
It shows the coexistence of the two macrophases: one 
which forms the dispersed domain has a microdomain 
morphologysimilar to thatofneatTOKI4,i.e.,PScyliiders 
dispersed in the PI matrix, and the other which forms the 
matrix has a microdomain morphology identical to that 
of neat B2, i.e., PI spheres in the PS matrix (Figure 1). 
The image shows the macrophase separation between the 

two copolymers and the microphase separation within the 
macrophase-separated domains rich in copolymers a and 
6. The interplay of the two kinds of phase separation 
produces a “modulated” or “superlattice” structure with 
dual morphological entities having two characteristic 
length scales: the micron-scale structure developed by 
the macrophase separation and the nanometer-scale 
developed by the microphase separation. 
B. SAXS Profiles. Figure 5 shows SAXS profiles for 

the binary mixtures of Bl/B2. The profile of neat B1 
shows the interdomain interference maxima and shoulder 
at wavenumbers in the ratios of 1,3l/*, 4lI2, 71/2, and 121/2, 
as marked by thin arrows indicating hexagonally packed 
cylindricaldomains. The broadscattering maximamarked 
by thick arrows originate from the form factor of the 
isolated cylinders. Thepeakpositions.qe, give theaverage 
radius of the cylinders, R, 

q J 3  = 4.98,8.364,11.46, ... (1) 

for i  = 1,2,3,  ..., respectively. Here qmi is the scattering 
vector given by 

with Om; being the scattering angle for the ith maximum 
from the form factor of the PI cylinders. 

The profile of neat B2 has sharp and broad peaks or 
shoulders a t  wavenumbers in the ratios of 1, 2ll2, and 3ll2, 
as marked by thin arrows in Figure 5. These peaks imply 
the spherical micrcdomains pakced in a simple cubic (SC) 
lattice or a body-centered-cubic (BCC) lattice (see section 
1V.A below). The broad peaks marked by thick arrow8 
are due to the form factor of the PI spheres. These peaks 
are located at q& which is approximately given by the 
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Figure 3. Transmission electron micrographs of ultrathin sections of B21HS11 mixtures. Both neat B2 and HSll show the PI 
spherical microdomains in the matrix of PS block chains. The 20180 mixture shows only one kind of spherical microdomain whose 
size is in between those of neat B2 and HS11. while the mixtures from 30170 to 90/10 show the two kinds of spherical microdomains 
whose sizes are close to those of neat 8 2  and HS11. 

- - 
Figure 4. Transmission electron micrograph of an ultrathin 
section of the 30/70 mixture of TOKI41B2 showing the coexistence 
of two macrophases. The TOKICrich domains composed of PS 
cylinders in the matrix of the PI block chains are dispersed in 
the Bbrich matrix composed of PI spheres in the matrix of the 
PS block chains. 

following equation, 

qmiR = 5.765,9.111,11.22, ... (3) 

fori = 1,2,3, ... respectively, where R is an average radius 
of the PI spheres and 8 ,  is the scattering angle for the ith 
maximum from the PI spheres. 

With increasing B2 content in B1/B2 mixtures from 
100/0 M 55/45, the SAXS profiles hardly changed and 

remained nearly identicalto thatofneatB1. This implies 
that thecylindricalmicrodomainsare formed in all ofthese 
mixtures, which is consistent with the TEM observation 
shown in Figure 1. In contrast, the SAXS profiles for the 
mixtures with the composition BllB2 ranging from 50/50 
to 0/100 (neat B2) are quite different from those from 
100/0 (neat B1) to 55/45 but similar to that of neat B2. 
This implies that the B1/B2 mixtures with compositions 
from 50/50 to 0/100 have spherical microdomains, which 
is also consistent with the TEM observation in Figure 1. 

Figure 6 shows SAXS profiles obtained for the binary 
mixtures of B2/HS11. The SAXS profile of neat HSll 
exhibits several broad peaks, as indicated by long arrows 
marked with the numbers 1 to 4. These peaks are due to 
the form factor from isolated spherical microdomains 
composed of the PI block chains. The wavenumber qmi 
of the peak positions satisfies eq 3. In this case, the 
interdomain interference maxima cannot be observed 
because they are out of the q range of our SAXS 
instrument. With increasing weight fraction of the small 
blockcopolymer B2,thesepeakpositionsfirstshift toward 
larger q up to 20% of B2 (20/80), and then stay constant 
from 30% (30/70) to 50% of B2 (50/50). Here it should 
be pointed out that the 30/70 mixture of B2/HS11 is the 
system giving rise to the coexistence of two types of 
spherical microdomains, as shown by the TEM image in 
Figure 3. However, the contribution of the small spheres 
composed of B2 to the net scattering is small compared 
to that of the large spheres, so that ita effect is difficult 
to discern. The broad maxima marked by thick short 
arrows with circled numbers 1-3 in the profiles of 100/0 
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Figure 5. SAXS profiles obtained for the B1/B2 mixtures with 
the compositions 100/0,70/30,60/40,55/45,50/50,30/70,10/90, 
and 0/100. The mixtures from 100/0 to  55/45 show the scattering 
profiles typical of the cylindrical microdomains, while the 
mixtures from 50/50 to 0/100 show the scattering profiles typical 
of the spherical microdomains. There is a sharp morphological 
transition between 55/45 and 50150. 

to 50/50 mixtures of B2/HS11 reflect the maxima in the 
form factor from the isolated spheres of B2 (see discussion 
related to Figure 12 in section 1V.C). They again satisfy 
eq 3. Upon a further increase of B2, greater than or equal 
to 70%, the broad maxima from the isolated spheres of 
H S l l  marked by the long arrows cannot be identified 
because they are outweighed by the scattering from B2. 

For the mixtures of B2/HS11 from 50/50 to 70/30, the 
SAXS profiles are distorted because of the balance of the 
scattering from the large and small spherical micro- 
domains, as appeared from the TEM images shown in 
Figure 3. In the SAX profiles for the mixtures of B2/ 
H S l l  from 100/0 to 80/20, the small-angle peaks a t  the 
wavenumbers in the ratios of 1, 2ll2, and 31/2, as marked 
by thin short arrows, and the peaks at  large wavenumbers, 
as marked by thick short arrows with circled numbers 
1-3, reflect respectively intersphere interference maxima 
and the form factor of isolated spheres of the small 
molecular weight copolymer B2. The SAXS profiles are 
getting similar to that of neat B2 with a further increase 
of the composition B2, especially so for mixtures 80/20 
and 90/10. I t  is interesting to note that the first-order 
interparticle interference peak (the thin short arrow) shifts 
toward a larger angle with increasing B2, but the first- 
order peak in the form factor of the spheres (the thick 
short arrow) does not change. This indicates that the size 
of the small spheres stays constant but the intersphere 
distance of the small spheres becomes shorter with the 
decreasing fraction of the large spheres or the large 
molecular weight copolymers a; viz., the small spheres 
tend to be packed more compactly with the decreasing 
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fraction of the large spheres, or a small fraction of the 
large spheres tends to loosen the packing of the small 
spheres. 

IV. Discussion 

A. Miscible Blends of B1/B2 with r < r, and fa = 
fa = 0.8: Microphase Separation Only. The mixture 
B1/B2 has a very small mismatch in the composition of 
f p s  (the composition difference Fa - fa1 = 0.02) such that 
they cannot be unstable for the macrophase separation. 
The stability analysis based upon RPA indicates that the 
spinodal point for the macrophase transition for the block 
copolymers in a disordered state is given by 

where Xeff,s is the average segmental interaction parameter 
of the copolymers a and 6 (Xeff) at  the spinodal point and 
Xeff is defined by 

with XSI being the Flory interaction parameter between 
the polystyrene and polyisoprene segments. Since xeff z 
XSI x lo4 = << Xeff,* z (l/Na) + (l /N& z 10-3 for the 
50/50 mixtures of (S-I)a/(S-I)a, the mixtures cannot 
undergo the macrophase separation but undergo the 
microphase separation only. Moreover, since they have 
r < 2, they may not be affected by the fluctuation-induced 
segregation effect2 and hence by the macrophase separa- 
tion induced by microphase separation, as in the case of 
the lamellar S-I copolymers with small r. Thus the two 
S-I copolymers, B1 and B2, are mixed with each other a t  
the molecular level to form a single microdomain mor- 
phology. 

Figure 7 shows the Bragg spacing of the first-order peaks 
D (open circles) and the average radius R of the spheres 
or cylinders (filled circles) determined from the SAXS 
profiles shown in Figure 5 as a function of weight fraction 
of the larger block copolymer B2. R was determined with 
eq 3 for spheres and eq 2 for cylinders. I t  should be noted 
that there is a significant change of R with the weight 
fraction of B2 for both the spheres and the cylinders even 
if the error bars are taken into account. I t  is natural that 
the cylinder radius R increases with the increasing weight 
fraction of copolymer B2 having the larger molecular 
weight than B1. However, it  is a surprise that and is not 
well understood at  present why the sphere radius R 
decreases with increasing copolymer B2 weight fraction. 

B. Miscible Blends of HKB/BSIS with r < r, and 
with Mismatched Composition (fa z 1 - fs  = 0.7): 
Microphase Separation Only. The mixtures of HK5/ 
BSI9 have a considerably large mismatch in the composi- 
tions fps (Fa - fa1 = 0.38) so that Xeff z XSI X 0.14 can be 
as large as about 1.4 X because XSI z 0.1 at  100 "C 
in bulk. As the concentration increases during the solvent 
evaporation process, xeff increases and approaches the 
critical value for the microphase separation or the mac- 
rophase separation. For such systems as these mixtures, 
the self-assembled structure is crucially affected by the 
instability which occurs first, Le., instability for mac- 
rophase separation or for microphase separation. To 
answer this question, we made the stability analysis as 
described earlier,2 the results of which are shown in Figure 
8. Here x ~ , ~ ~ ~ ~ ~  and Xs,micro are the Xeff values a t  which the 
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Figure 6. SAXS profiles obtained for the mixtures of B2/HS11 with the compositions 100/0,90/10,80/20,70/30,60/40,50/50,40/60, 
30/70, 20180, 10/90, and 01100. 
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Figure 7. Bragg spacing D (open circles) and average radius of 
PI spheres or PI cylinders R (filled circles) for the binary mixtures 
of Bl/B2 determined from SAXS measurements aa a function 
of the weight fraction of the larger block copolymer B2. 

system becomes unstable for the macrophase and mi- 
crophase transitions, respectively, i.e., 

(6) 

(7) 

(8) 

where qm is the magnitude of the scattering vector at which 

- S(qm)/Wqm) - 2X& = 0 

- 
xeff,, = x ~ , ~ ~ ~ ~ ~  

Xeff,s = x ~ , ~ ~ ~ ~ ~  

in the case when qm = 0 

in the case when qm # 0 - 

N 

d 
x 
0 

2 

1 

0.0 0.2 0.4 0.6 0.8 1 .o 

a( B SI9) 
Figure 8. Thermodynamic stability limits calculated for the 
macrophase (solid curve) and microphase transition (broken 
curve) for the binary mixtures of HKWBSI9. 
the scattered intensity becomes maximum. S(q)/ W(q) is 
the function defined previously2 and depends only on the 
conformation of polymer chains. 

The result shown in Figure 8 indicates that Xs,micro C 
x ~ , ~ ~ ~ ~ ~  for all compositions. As the concentration of the 
system increases from the disordered state during the 
solvent evaporation process, xeff increases from a value 
smaller than Xs,mimo and eventually reaches Xs,mimo. There- 
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Figure9. Schematic illustration for the macrophase separation 
between large and small spherical microdomains. 

fore, the microphase separation should always occur prior 
to the macrophase separation during the solvent evapora- 
tion process. Once the microphase separation occurs, the 
spinodal curve for the macrophase separation loses its 
physical significance and the microphase separation may 
control the final morphology observed in the solvent-cast 
films. Moreover, since the mixture has r < 3, the 
fluctuation-inducedsegregation effect is weakso thatthe 
microphase separation is not expected to  induce the 
macrophase separation. 

C. Immiscible Blends of B2lHS11 wi th  r > r, and 
fm FZ $ % 0.8 Macrophase Separation Induced by 
Microphase Separation. Copolymers H S l l  andB2have 
nearly matched compositions Fa - fgl = 0.05 << 1, as in the 
case of BI/B2. Therefore, the mixtures of B2/HS11 are 
not expected to undergo the macrophase separation. 
Nevertheless, they underwent macrophase separation into 
the large and small spheres for 0 < +., < 0.8, as shown in 
Figure 3, although this macrophase separation is limited 
to the mesoscopic scale, i.e., on the order of the micro- 
domain size, but never results in formation of the 
macrodomainsofthelarge spheresand ofthesmallspheres, 
as schematically shown in Figure 9. This evidence that 
the macrophase separation of the sphericalsystem extends 
only to the local or the mesoscopic scale but not to the 
macroscopic scale is in goad contrast with the macrophase 
separation in thelamellar blockcopolymer systems studied 

Figure 10 shows a typical TEM micrograph 
of a binary mixture of HY12 (denoted a)/HY8 (denoted 
8)  50/50 w t  %/wt % with fm z fg = 0.5 and r = 16.' In this 
micrograph we observe dispersed macrophases of 8 in the 
matrix of a. The micrograph clearly shows that the two 
copolymers underwent the macrophase separation to form 
macrodomains of the thick lamellae (rich in a) and of the 
thin lamellae (rich in 8). The corresponding macrophase 
separation in our spherical systems would he the one 
schematically illustrated in Figure 9 in which there are 
macrodomains composed of the large spheres in a cubic 
lattice and of the small spheres also in a cubic lattice. 
However, this kind of conventional macrophase separation 
wasnotobservedsofarintherealsphericalsystems (Figure 
3). The 'local" macrophase separation generates more or 
less a random mixing of the large and small spheres, as 
schematically shown in Figure 16c later (and as found for 
0.5 5 +m 5 0.7 in Figure 3), or the large spheres dispersed 
in a cubic lattice of the small spheres, as schematically 
shown in Figure 17c later (and as found for = 0.1 in 
Figure 3). 
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Figure 10. Transmission electron micrograph of the ultrathin 
section of the binary mixture of (S.I)J(S-I)o (HYBIHY12) 50150 
wt %/wt % with fa I fa I 0.5 and r = 16. This mixture shows 
the macrophase separation of @-rich macrodomains dispersed in 
the a-rich matrix. The a and @ macrodomains are composed of 
alternatinglamellar microdomains with large and smallspacings, 
respectively. 
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Figure 11. Average radii of PI spheres R. and Rp (filled circles) 
for the binary mixtures of B2/HS11 determined from SAXS 
measurements as a function of the weight fraction of the larger 
hlwk copolymer (S-1)- (HS11). 

Figure 11 shows the average radius of the spheres R as 
determined with eq 3 and the Bragg spacing Dg of the 
spheres as determined from the first-order peak position 
Qrnl"9. 

Dg = 2*lqmij (9) 

Concerning the average radii of the spheres R. and Rg, the 
data points marked by filled circles were directly deter- 
mined from the peak positions shown in Figure 6 and the 
data points marked by open squares were estimated by 
the curve-fitting with eq 13 as will he discussed later. 

As in the case of the hinary mixtures of the lamella- 
forming copolymers, the large copolymer a can solubilize 
the small copolymer B up to the critical amount +g,c 1 
- @=,cL so that the two copolymers are mixed a t  the 
molecular level, forming a single spherical microdomaiu 
structure in the composition range satisfying 
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*a > *~,cL 0' *a < *a,cs (10) 

where the critical concentrations for the spherical systems 
are 

(11) 

as shown in Figure 11, and *p,,cs z 0; Le., the small spheres 
composed of the small copolymers /3 hardly solubilize the 
large copolymers a. Note that the critical concentration 
@g$ is smaller than that for the lamellae, which was about 
0.3.l As in the binary mixtures of the lamella-forming 
copolymers,l the large and small spheres coexist at  

(12) 

and their average radii, denoted R, and Rg, are independent 
of 9,. A possible interpretation of eq 12 will be given on 
the basis of the macrophase separation induced by the 
microphase separation in section V. 

Although the coexistence of the two different sizes of 
the spheres, R, and Rg, is not explicitly clear from Figure 
6, it can be proven so from the following analysis on the 
scattering form factors from the spheres for the mixtures 
(see Figure 12). In this analysis we assume that the sphere 
form factor per unit volume of the mixture having the 
composition a,, I(@,), is given by a sum of that for the 
large spheres and that for the small spheres, 

I(@,) = NS,(@,)I, + Nsg(@,)Ig (13) 

Where NsK is the number of the Kth sphere per unit volume 
and IK is the form factor for the Kth isolated sphere (K 
= a or p). Note that NSK is a function of CPK and that 
experimental evidence given by Figure 3 leads to 

= 1 - *a,CL z 0.2 

*a,CS 5 *a 5 *a,cL 

I(@,=O.8) = Ns,(0,=0.8)1, + Ns,(@,=0.8)Ig = 
Nsa(@,=0.8)Ia E I,,,, (14) 

I(*,=O) = N,,(@,=O)I, + Nsg(*,=0)Ig = 
Ns,(@,=O)IO E I,,,, (15) 

where I2o/go and I l ~ ~ l o  are the form factors for the 20180 
and 100/0 mixtures of B2IHS11 which can be experimen- 
tally obtained (Figure 6). The intensity I~OO/O at small q 
(q I 0.3 nm-l) is clearly affected by intersphere interference 
and should be affected by the spatial arrangement of the 
small spheres. This fact should not be overlooked in the 
following analysis. Here we assume the following: (i) the 
20/80 mixtures form the large spheres of radius R,, (ii) the 
small spheres of radius Rg do not contain at  all the large 
copolymers a, and (iii) the sizes R, and Rg are independent 
of 0, for the mixtures undergoing the phase separation 
(see Figure 11). From eqs 14 and 15 and after some 
manipulations we obtain 

I(@,) = 1.25@J20/, (1 - 1.25@,)11,p (16) 

Figure 12 shows a result of this analysis where the solid 
lines are the sphere form factor I(@,) of the mixtures having 
the composition 9, estimated from eq 16. The calculated 
form factor represents very well the experimental scat- 
tering profiles shown by the data points, except for the 
profiles at small q where the intersphere interference 
becomes important, and hence the deviations from the 
sphere form factor are quite naturally expected. 

D. Immiscible Blends with Mismatched Composi- 
tions (fa =! 1 - 4 0.8): Superlattice Formation and 
Macrophase Separation Followed by Microphase 
Separation. For the 30/70 mixture of TOKI4/B2, the 
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Figure 12. Comparison between the measured SAXS profiles 
(data points) and the fitted profilea (solid curves) calculated with 
eq 16. 

mismatch off, is considerably large (fa - fa), = 0.652 z 
4 X 10-1 so that x S ~  z 0 . 4 ~ ~ 1  zz 4 X > Xeff,s z 1.0 X 10-2. 
Thus the system can be unstable for the macrophase 
transitions as well as for the microphase transition. The 
results of the stability analysis show that xs,mam < xedcricro 
for this mixture, as shown in Figure 13a. Hence the mixture 
first undergoes spinodal decomposition (SD), generating 
the domains rich in a (B2) and rich in B (TOKI4) as shown 
in Figure 13b. As this macrophase separation progresses 
and the amplitude of the concentration fluctuation ACP, 
increases, the domains rich in a will have the local 
composition a, greater than @'am and the domains rich 
in /3 will have the local composition *a smaller than *'am. 
The microphase separation starts to occur locally in those 
domains satisfying @a > @'am and a, < @Sam, generating 
the microdomains similar to the neat a and those similar 
to the neat B. The microdomain structures thus formed 
will affect further ordering processes of the systems. 

V. Model for Immiscible Blends with fa N, fp but r 
> r,: Macrophase Separation Induced by 
Microphase Separation 

We now discuss a possible qualitative model which may 
account for the experimental observation on B2IHS11 
described in section IV.C, i.e., macrophase separation 
induced by the microphase separation. The stability 
analysis based upon RPA indicates that the mixtures 
become unstable at  a particular mode with the wave- 
number qm # 0 (as shown in Figure 14a). The composition 
dependence of q m  indicates that this wavenumber is 
controlled by the large copolymer a (HS11) for 0.3 < @, 
< 1 (the solid line in Figure 14b). This figure includes 
also the wavenumber qm for Bl/B2, for which qm gradually 
decreases with CP, (the broken line in Figure 14b). 
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Figure 13. (a) Calculated thermodynamic stability limit for the 
macrophase (solid curve) and microphase transition (broken 
curve) for the binary mixtures of TOKI4/B2. Os, and @L, are 
critical compositions (Lifshitz points) below and above which 
the microphase transition can occur first, respectively, upon 
raising the segregation power x.  (b) Schematic illustration of 
the spatial concentration fluctuation O U ( d  at a given time during 
the spinodal decomposition at point A in part (a). 

Figure 15 schematically illustrates a spatial configuration 
of copolymers a and j3 (part a) and spatial concentration 
fluctuations of polymer segment B (part b) a t  a particular 
time in the single-phase mixture. The wavelength of the 
dominant mode of the fluctuation 21r/q, is close to that 
for neat large copolymer a, as schematically shown in 
Figure 15b for a mixture with the composition 9, of our 
interest. As the mixture approaches the spinodal point, 
the amplitude of the fluctuations A 9  increases. Under 
this situation the chains of copolymer j3 labeled j31 (83) in 
Figure 15a are put, respectively, in the situation as if they 
were put in the fields of homopolymer A, (B,). Here A, 
and B, are the block chains A and B of large copolymer 
a, respectively. Thus they may be subjected to the 
segregation effect relevant to the mixture (A-B)o/A, or 
(A-B)p/B,. They may be segregated either out of the field 
of (A-B), or to the interfacial region between A,-rich and 
B,-rich domains with their AB and Bo chains oriented 
toward the respective domains of a, as schematically shown 
for the chain of copolymer 8 labeled 82 in Figure 15a. This 
is the fluctuation-induced segregation effect which may 
give the basis for the interpretation of the macrophase 
separation induced by the microphase separation, i.e., the 
same effect as introduced previously to explain the 
macrophase separation of the lamella-forming copolymers.2 
As in the case of the lamella-forming copolymer mixtures, 
only a limiting amount of copolymer j3 can be solubilized 
in the domains of copolymer a in such a configuration as 
shown for the copolymer chain labeled 82, in the segrega- 
tion limit. This limiting amount may be equal to 9b,c = 
1 - @,,cL "= 0.2 for the sphere-forming copolymer mixtures 
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Figure 14. (a) RPA prediction of the thermodynamic force 
S(q) /W(q)  required to generate the q-Fourier mode of the 
concentration fluctuations when x = 0 for the binary mixtures 
of BP/HS11. The composition @a of the large molecular weight 
copolymer CY is changed from 0 to 1. (b) Predicted composition 
dependence of the wavenumber q m  which becomes unstable for 
the binary mixtures of BPIHS11 (the solid curve) and B1/B2 (the 
broken curve). The value qm for the BO/HS11 mixtures is 
controlled by the large copolymer u (HS11) for 0.3 < CP,, while 
that for the B1/B2 mixture gradually decreaees with @u. qmp is 
the wavenumber for neat copolymers CY. 

and may be controlled by the cost of the stretching free 
energy of copolymers a and j3 on packing their A and B 
block chains in the respective domains with their chemical 
junctions at  the interfaces. 

Small copolymer j3 to the amount of (9~ - @E), which 
is segregated out from the field of the large copolymer a 
due to the fluctuation-induced segregation effect, should 
have such a spatial distribution as schematically illustrated 
in Figure 16 or 17, depending upon the composition of the 
a lp  mixtures. Figure 16 shows a mixture rich in large 
copolymer a, and hence the corona block chains %. are 
overlapping each other in a segregation situation where a 
forms the microdomains but the segregated-out small 
copolymer j3 is still in the disordered state (part a). On 
the other hand, Figure 17 shows a mixture rich in small 
copolymer 8, and hence the corona chains A, are not 
overlapping one another (part a). 
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Figure 15. (a) Schematic illustration of the spatial distribution 
of the large and small copolymers a and 8 in the single phase 
mixture near the spinodal point and (h) spatial variation in the 
concentration of segments B, pe(r), of A-B diblock copolymers. 
According to RPA prediction, the wavelength of the dominant 
modeofthefluctuations,Zs/q.,isclosetothatfortheneatlarge 
block copolymer a. 

Figure 16. (a) Schematic illustration of the spatial distribution 
of the large and small block copolymers, a and 8, after the 
fluctuation-induced segregation for the mixtures rich in the large 
copolymers a. (b) Spatial distribution of the small block 
copolymem8between two largespherical micelles corresponding 
to part (a). (c) Schematic illustration of the coexistence of large 
and small spherical micelles. There is a partial, long-range order 
for the large micelles. 

In the overlapping situation, Figure 16b schematically 
shows a spatial concentration variation of copolymer 8, 
*,dr). a&) increases from nearly 0 a t  r = Rm,mm, the core 
radius of a-rich domains, to a maximum a t  r = R,,m,,, 
the radius of the corona of a-rich domains, but the 
maximum value is smaller than unity as schematically 
shown by the solid line in (b). As the segregation power 
between A and B increases, a&) biases more toward the 
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Figure 17. (a) Schematic illustration of the spatial distribution 
of the large and small block copolymers, OL and 8, after the 
fluctuation-induced segregation for themixturesrichin thesmall 
copolymers 8. (B) Spatial distribution of the small block 
copolymers 8 between two large spherical micelles corresponding 
to (a). (c) Schematic illustration of the coexistence of large and 
small spherical micelles. There is no long-range order for the 
large micelles. 
center between the two B-rich spheres, as drawn by the 
broken line, and (A-B)@ starts to undergo the microphase 
separation in the region where *&) becomes greater than 
the critical concentration a#*. As the segregation power 
further increases, @o(r) should have a sharper spatial 
distribution centered at r = Rm,mma and *o* decreases, so 
that the microphase separationof (A-B)efurtherprogreaes 
toward the inner side of the corona, i.e., from r zz R, , , ,  
to r = R,,,  resulting in the microdomain formation of 
copolymer 8, as schematically shown in part c of Figure 
16. 

The other possibility is that copolymer 0 is completely 
segregated out from the domains of copolymer a to result 
first in the macrophase separation between the ordered 
cubic lattice rich in a and the disordered phase of B and 
then in the microphase separation of the @phase into the 
cubic lattice to end up with the structure schematically 
shown in Figure 9. Which becomes the final structure, 
the one schematically shown in Figure 16c or the one in 
Figure 9, depends on the segregation power between (A- 
B)o and A. and on the competition of the two rates, i.e., 
the rate of translational diffusion of copolymer 0 and the 
rate of microphase separation of @ under a given solvent 
evaporation condition. 

In the nonoverlapping situation, the spatial concentra- 
tion variation of small copolymer @ before its microphase 
separation may be represented schematically by parts a 
and b in Figure 17. As the segregation power between A 
and B chains increases, microphase separation of 0 starts 
to occur from the interstitial region between the pe- 
ripheries of the neighboring A,, corona, i.e., region I in 
Figure 17a. Upon a further increase in the segregation 
power, the microphase separation front moves toward the 
insideof the corona, resulting in themicrodomain structure 
showninFigure 17c. Againonecan thinkofthe possibility 
of forming the macrophase-separated structure illustrated 
in Figure 9, the realization of which again depends on the 
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Figure 18. Predicted thermodynamic stability limits for the macrophase (solid curves) and microphase transition (broken curves) 
for the binary mixtures of (a) BP/(PS, of HS11) and (b) HYS/(PS, of HY12). 

segregation power and the competition of the two rates: 
one is the translational diffusion rate of the large spheres 
to form their macrodomains in a cubic lattice and the 
other is the rate of the microphase separation of small 
copolymer 0. 

How can we explain the difference between the mor- 
phologies of the lamella-forming and sphere-forming 
copolymer mixtures, i.e., the ‘locally” macrophase- 
separated structure as shown in Figures 16c and 17c vs the 
“macroscopically” macrophase-separated structure as 
shown in Figure lo? A possible interpretation may be 
done on the basis of a difference in the fluctuation-induced 
segregation effect. The most important part of this 
argument may be exaggerated by considering the difference 
between the segregation behaviors of (S-I)b/PS, mixtures 
relevant to the two mixtures, B2IHS11 and HY8IHY12, 
where PS, denotes a PS homopolymer having the same 
molecular weight as the PS block chains in large copolymer 
@I), (see the situations shown in Figure 15 of this paper 
and in Figure 12 of ref 2). Figure 18 shows the RPA analysis 
of (S-I)p/PS, relevant to B-2IHS-11 (i.e., a binary mixture 
of B-2 and PS, for HS11, part a) and that relevant to 
HY8IHY12 (i.e., a binary mixture of HY8 and PS, for 
HY 12, part b). The two systems are clearly different in 
the following points: (i) the critical concentration @,g,mC 
above which microphase separation occurs is much lower 
in the sphere-forming mixture (part a) than in the lamella- 
forming mixture (part b), and (ii) microphase separation 
occurs prior to the macrophase separation with increasing 
segregation power in the former system, while the situation 
is reversed in the latter system. These differences may 
explain the difference in the final structures of the two 
systems. 

VI. Conclusion 
The structure self-assembly in binary mixtures of SI 

diblock copolymers which form spherical or cylindrical 
microdomains was studied. In the case when the two 
copolymers have matched compositions, f ,  r fb g 0.2, the 
following two cases are found: (i) two copolymersare mixed 
at  the molecular level for all compositions to form a single 
domain morphology (either spheres or cylinders) if r = 
NUIN# I 2 (see section 1V.A) and (ii) if r 2 7, they are 
partially miscible; they are miscible a t  biased compositions 
a, 1 @,.CL or 0, I @,,cs with ~ , , c L  z 0.8 and @,,cs z 0 (i.e., 
large copolymer a can solubilize small copolymer /3 up to 

about 20% in ita domains, but the small copolymer can 
hardly solubilize the large copolymer), or they undergo 
the phase separation into a-rich spheres and spheres 
composed of almost pure 0 at  @,,cs < a, < (section 
1V.C). In the latter case, the a-rich spheres are more or 
less randomly mixed with the @ spheres packed in a 
distorted lattice a t  0.5 I a, I 0.8 or with the @ spheres 
packed in the cubic lattice a t  0 < 0, < 0.5. In both cases 
the macrophase separation in the sphere-forming copoly- 
mer mixtures did not result in the macrodomains of the 
a spheres and fl  spheres as schematically shown in Figure 
9, but resulted in the rather locally macrophase-separated 
structure as shown in Figure 3 or schematically shown in 
Figures 16c and 17c. This macrophase separation is 
proposed to be induced by the microphase separation: the 
macrophase separation may be triggered by the fluctua- 
tion-induced segregation effect (Figure 15) when the 
segregation power between the PS and PI chains becomes 
greater than that corresponding to the spinodal point 
(section V). 

In the case when the two copolymers have such 
mismatched compositions as f ,  z 1 - f a  z 0.3 or f ,  g 1 - 
f b  r 0.2, their mixture shows either a uniform mixing a t  
a molecular level forming a single microdomain morphol- 
ogy with long-range order (Figure 2) or a modulated or 
superlattice structure with dual morphological entities 
with different characteristic length scales (Figure 4): (i) 
the macrodomains rich in a and those rich in fl  have a 
micron length scale and (ii) the microdomains cor- 
responding to the a and 0 copolymers have a nanometer 
length scale. The superlattice structure is proposed to be 
formed by the macrophase separation followed by the 
microphase separation (section 1V.D). 
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