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ABSTRACT Morphology of binary mixtures of poly(styrene-block-isoprene) (SI) having different compo- 
sitions f p s  of the polystyrene block in SI and total molecular weights was investigated on the solution-cast 
film with toluene as a neutrally good solvent. In the range of the composition f p s  = 0.35-0.69 covered, the 
two SI copolymers were found to be totally miscible on the molecular level at all compositions, forming a 
single microdomain morphology, if their molecular weight ratio is smaller than about 5. They were found 
to be only partially miscible, if their molecular weight ratio is greater than about 10, forming macroscopically 
phase-separated coexisting lamellar microdomains with different domain spacings. In the partially miscible 
pairs, the copolymer with the larger molecular weight was found to solubilize the copolymer with the smaller 
molecular weight up to about 30 wt % , but the copolymer with the smaller molecular weight was found to 
hardly solubilize the copolymer with a larger molecular weight. A new but unidentified bicontinuous ordered 
microdomain structure was found for a miscible pair. 

I. Introduction 
Many reports have been presented on phase transitions, 

self-assembly, and ordered structures in the segregation 
limit for mixtures of A-B type diblock (or A-B-A type 
triblock) copolymers with A and/or B homopolymers.1-20 
There are some reports which further extended the study 
along this line to that for mixtures of block copolymers 
and C homopolymers.21-25 In this series of work, we further 
extended the studies along this line to a new system 
composed of binary mixtures of A-B diblock copolymers 
with different compositions and molecular weights and 
aimed to study their self-assembling processes and mech- 
anisms in the solution-cast process and their ordered 
structures. To simplify our experimental condition, we 
dealt with the solution-cast process with a neutrally good 
solvent. 

One may realize that the self-assembly of the binary 
mixtures of two block copolymers, e.g., AI-BZ/A~-B~, in 
a segregation limit involves a new problem, by comparing 
with that of an A-B diblock copolymer and an A 
homopolymer, e.g., A1-B2/A3, where Ai and Bi are the A 
and B block chains with molecular weight Mi. In A1-B2/ 
A3-B4, one end (i.e., chemical junction) of A1 and A3 block 
chains must be confined somewhere close to the interface 
between A and B microdomains, and the block chains must 
be packed in A-microdomain space, keeping the demand 
of incompressibility (Le., the total segment density is 
constant everywhere in domain space), while in A1-B2/A3, 
or Al-Bz/C, the two chain ends of A3 or C are not confined 
to the interface, having a greater translational entropy 
(freedom) in the direction normal to the interface than A3 
in A3-B4 block chains. Since this translational entropy 
becomes trivial in AI-B~/A~-B~,  a contribution of the 
elastic free energy of stretching to the net free energy of 
the system becomes essentially important. This new 
aspect of the enhanced elastic contribution should be 
highlighted in our problem here. It should be noted that 
our problem may come across recent theoretical devel- 

+ Presented in part at the 32nd Symposium of the Society of 
Polymer Science, Japan, Oct 1983. Polym. Prepr. Jpn., SOC. Polym. 
Sci., Jpn. 1983, 32, 1687-1694. 

J Present address: Polymer Research Laboratory, Idemitau Pet- 
rochemical Co., Ltd., Anegasaki, Ichihara, Chiba 299-01, Japan. 

0024-9297/93/2226-2895$04.00/0 

fP,A fP,B 

NP QP P - - - - - -  
Figure 1. Schematic diagram indicating the molecular param- 
eters for the binary mixtures of block copolymers. The param- 
eters fKJ (K = a, j3, J = A, B), NK (K = a, (I), and @K (K = a, 
8) designate the volume fraction of the J t h  chain in the Kth 
block copolymer, number-average degree of polymerization of 
the Kth block copolymer, and composition of the Kth block 
copolymer in a mixture, respectively. 

Table I. Molecular Characteristics of Block Copolymers 
specimen SIP 

code M,, X wt  7% vol % Mw/Mnc morphology 

X 
Figure 2. Schematic diagram showing the pairs of the A-B block 
copolymers in the mixtures studied in this work. The number- 
average molecular weight of the copolymers is indicated in a 
logarithmic scale. The symbols 0 and X mean the miscibility a t  
all compositions and partial miscibility, respectively. 

0 p m e n t s ~ ~ 1 ~ ~  on structures and properties of planar grafted 
layers. It should be also noted that there are some earlier 
works which dealt with microdomain formation of AI- 
B2/A3-B4 systems in the regime of two copolymers being 
totally miscible in the microdomain~.~8329 

The self-assembly of A1-B2/ A3-B4 involves an interplay 
of macrophase and microphase separation as in that of 
A1-B2/A3, Al-BdC, In the context of mean- 

@ 1993 American Chemical Society 
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C 

HK-17 / HS-10 
Figure 3. Transmission electron micrographs of ultrathin sections of HK-17IHS-10 binary mixtures stained by osmium tetraoxide 
withcompositions (wt %/wt  %) (a) 100/0, (b) 80/20, (c) 50150, (d) 20180,and (e) 0/100. Thesemixturesshowpartialmiscibility,forming 
coexisting macrophases (b and c). 

C I 

HK-7 / HS-10 
Figure 4. Transmission electron micrographs of ultrathin sections of HK-7/HS-10 binary mixtures stained by osmium tetraoxide 
with compositions (wt %Iwt '3%) (a) 100/0, (b) 80/20, (c) 50/50, (d) 20/80, and (e) 0/100. These mixtures show the complete miscibility 
at all compositions (from b to d). 

field theory, the spinodal point for the macrophase 
transition betweensingle-phase disordered copolymers and 
twephase but still disordered Copolymers can be predicted 

xSn,* = 1/Nm0= + 1/N# - 0,) (1)  

(2) xen = c f . ~  -fd XAB 

where xeft is the Flory segmental interaction parameter 
between the two polymers per monomer base, Xeffa is the 
x.avalue a t  the spinodal point, and other quantities will 
bedefmedin the next paragraph. Among the fivemixtures 
of two copolymers studied here, the mixture having the 
largest mismatch in the composition has V-,A - f p #  = 
0.282 = 0.08. This makes xen < Xeff4 for all the systems 

by 

2 

covered here, which simplifies our problem on the self- 
assembly such that the macrophase separation between 
the disordered copolymers is not expected to occur. 

We define here one of the two block copolymers having 
the larger molecular weight as a and the other copolymer 
having the smaller molecular weight as ,3 (Figure 1) .  Then 
the molecular parameters characterizing the mixtures are 
 fa^, f S ~ ,  N,, and NB and their environmental parameters 
arep, T,Q,,andc, wherefK,AisthecompositionofAblock 
chain in the Kth A-B copolymer defined by 

fK,A = NK,A/NK (K = a 01' @) 

NK = NK,A + NKs (K = a or 8) 

(3) 

(4) 

with NKJ being the degree of polymerization (DP) of the 
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HS-9 / HS-10 e 
Figure 5. Transmission electron micrographs of ultrathin sections of HS-91HS-10 binary mixtures stained by osmium tetraoxide with 
compositions (wt % / w t  7%) (a) 100/0, (b) 90110, (c) 80120, (d) 70130, (e) 50150, (0 20180, and (g) 0/100. The micrographs d-f show 
coexisting macroscopic domains of different lamellar identity periods. 

HY-8 / HY-12 
Figure 6. Transmission electron micrographs of ultrathin sections of HY-81HY-12 binary mixtures stained by osmium tetraoxide 
with compositions,Wt % / w t  %) (a) 1W0,  (b) 84/20, (c) 50/50, (d) 20180, and (e) 0/100. The micrographs b and c show coexisting 
macroscopic domains of different identity periods. 

J th block chain (J  = A or B) in  t he  Kth copolymer, NK 
is t he  total DP of the  Kth copolymer, p is the pressure, 
Tis the absolute temperature, *K is the  volume fraction 
of the  Kth copolymer in the mixtures (*@ = 1 - *,,), and 
c is t he  concentration of polymers a and 6 in  the solution, 
if solvent exists in the system. 

11. Experimental Methods 
A. Samples. A series of poly(styrene-blwk-isoprene) diblwk 

copolymers (SI) were prepared using a living anionic polymer- 
izationmethod. Their mol~archaracteristiesandthespeeimen 
codesarelistedinTable I. BinarymixturesoftheSIcopolymers 
studied are shown in Figure 2 where each copolymer is placed 
along the axis indicating ita total number-average molecular 
weight in a logarithmic scale. The mixtures HK-7/HS-lO and 
HY-WHY-10, marked by circles, were found to be miscible at all 
compositions (except for HY-B/HY-10 (80/20, w t  % / w t  %))bu t  
the mixtures HK-17IHS-IO, HS-lO/HS-9, and HY-B/HY-12 
marked by thesymbol X were found to be onlypartiallymiscible, 
as will he shown later. 

AI1 the mixtures were fist dissolved into dilute solutions with 
toluene as a neutrally good solvent in which two copolymers were 
molecularly mixed in the disordered state. The solutions were 
then concentrated to about 5 wt % of the toM polymers by 
slowly evaporating the solvent. The solutions were then cast 

into film specimens of about 0.5 mm thick by slowly evaporating 
the solvent at 30 OC over 10 days. The cast films were further 
dried in a vacuum oven controlled a t  120 OC for 5 h prior to 
investigation by transmission electron microscopy (TEM) and 
small-angle X-ray scattering (SAXS). 

B. TEM. The microdomain structures formed in binary 
mixtures were examined by transmission electron microscopy 
(TEM). For this purpose, the cast films were first stained by 
osmium tetraoxide vapor, and then ultrathin &ions of ca. 50 
nm thickwereobtained hyusinganultramicrotome (LKB 4 W A  
Ultrotome) with aglass knife. The ultrathin sectionson electron 
microscope grids were further stained by exposure to osmium 
tetraoxide vapor for a few hours. Electron microscopic obser- 
vation was done with a Hitachi H-600 transmission electron 
microscope operated a t  100 kV. 

C. SAXS. The microdomainstructures were investigated by 
SAXS using a Rigaku rotating-anode X-ray generator operated 
at 50 kV and 200 mA (wavelength A = 0.154 nm). SAXS profiles 
were corrected for air scattering, absorption, and background 
scattering due to thermal diffuse scattering (TDSL3' The a h l u t e  
intensity was measured by the nickel foil although it  
is not important in this study. 

111. Experimental Results 
A. TEM Studies. Figures 3-7 summarize the results 

of our TEM studies in which morphologies formed in the  
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HY-8 / HY-10 
Figure 7. Transmission electron micrographs of ultrathin sections of HY-8/HY-10 binary mixtures stained by osmium tetraoxide 
with compositions (wt %/wt %) (a) 1W0, (b) 80/20, (c) 60/40, (d) 50/50, (e) 20/80, and (0 01100. 

film specimens of each mixture were shown as a function 
of composition. 

Figure 3 shows the morphologies of the pure copolymers 
HK-17 (part a) and HS-10 (part e) as well as those of their 
mixtures (parts b-d). The copolymer HK-17 has such a 
low molecular weight that it exists only in the disordered 
state, showing a featureless morphology under TEM. The 
fact that the copolymer is in the disordered state was 
previously proven by the quantitative SAXS analysis.33 
The 20/80 mixture of HK-17IHS-10 (part d) shows a 
regular alternating lamellar microdomain morphology 
composed ofpolystyrene (PS) andpolyisoprene (PI) lamel- 
lae with a single identity period D which depends on the 
composition %. However, the mixtures HK-l’IIHS-10 EO/ 
20 (part b) and 50/50 (part c) show macroscopic phase 
separation into the domain composed of the alternating 
PSandPIlamellaeandthedomaincomposedofdisordered 
HK-17. TheidentityperiodDofthelamellaephaseseems 
to denend eenerallv on which will be discussed in section 
111. B. - - 

Figure 4 shows morphologies of pure block copolymers 
of HK-7 (part a)  and HS-10 (part e) and their 80/20 (part 
b), 50/50 (part c), and 20180 mixtures (part d). Pure 
copolymersas wellas the 20/80mixtureshow the lamellar 
morphology of a single, composition-dependent identity 
period of D. To our big surprise, the 80 20 and 50 50 
mixtures, however, do not exhibit the lamellar micro- 
domains,despitethefactthat theirconstituent copolymers 
show thelamellarmorphology. They show rather uniform, 
ordered, bicontinuous microdomain structures whose 
structuresymmetry remains unidentifiedat present. The 
detailsoftheir morphologieswill bedescribed elsewhere.” 

Figure 5 shows morphologies of neat copolymers HS-9 
(part a) and HS.10 (part g) as well as those of their 90 10 
(part b), W 2 0  (part c), 70/30 (part d), 50/50 (part e), and 
20 EO mixtures (part 0. The neat copolymers as well as 
the901 lOand 80/20mixturesshow thealternating lamellar 
morphology with a single.composition-dependent identity 
periodD. The mixtures70/30,50/50,and 20 ROalsoshow 
only thelamellarmorphology, but theyshowa macroscopic 

phaseseparationintothe twomacroscopicdomainshaving 
different lamellar identity periods. Almost the same 
features as found for HS-Q/HS-lO were also observed for 
the mixtures of HY-E/HY-12, as shown in Figure 6. 

Figure I shows morphologies of the neat copolymers of 
HY-8 (part a) and HY-10 (part 0 as well as those of their 
80/20 (part b), 60/40 (part c), 50/50 (part d), and 20/80 
mixtures (part e). HY-8 shows the alternating lamellar 
morphology,butHY-10showsoneofaTEMimagetypical 
of that for the ordered bicontinuous double diamond built 
up from the tetrapod-like structure (OBDD-tetrapod) 
entity composed of polyisoprene (PI) block chains, the 
detailed discussion of which was given e l s e ~ h e r e . ~ ~ . ~ ~  All 
the binary mixtures of the copolymers studied in this 
experiment uniformly exhibit the lamellar morphology of 
a single, composition-dependent identity period. 
B. SAXS Studies. SAXS results corresponding to 

the TEM results shown in Figures 3-7 were presented in 
Figures 8-12, respectively. In Figure 8, HK-17 shows a 
verybroadscatteringmaximummarked bythe thickarrow, 
corresponding to the wavelength of the dominant mode 
oftheconcentration fluctuationsin thesinglephasestate3 
On theother hand, HS-10 showsmultiple-order diffraction 
maxima a t  the positions of integer multiples of that of the 
first-order scattering maximum, the profile of which is 
relevant tothe altematinglamellarmorphology. The fifth- 
order diffraction peak is suppressed due to the volume 
fraction of one of the domains (the PI domain in this case) 
being close to 40%. The 20/80 mixture shows the profile 
relevant to the lamellar morphology with its identity period 
smaller than that for HS-10, as shown in the larger-angle 
shift of the corresponding diffraction maxima marked by 
thin arrows, consistent with the TEM result shown in 
Figure 3. The 80/20 mixture, however, clearly shows the 
profile comprising that from regions having alternating 
lamellar morphology which gives rise to the diffraction 
maxima marked by the thin arrows and that from the 
regions having a disordered single-phase state which gives 
rise to a scattering maximum shown by a thick arrow. The 
profile for the 50150 mixture is found to be similar to that 



Macromolecules, Vol. 26, No. 11, 1993 

$ HK-17/HS-10 Blends 

I I I I 

0 100 0.50 I . s o  2 . 0 0  
I I s?~,!4yn-l, 1 1 

0. 30. 90.  ! 2 0 .  
2 THE61oR.ln IN. I 

Figure 8. SAXS profiles obtained for the binary mixtures of 
HK-17/HS-10 with compositions of 100/0 (wt % / w t  %), 80/20, 
50/50, 20/80, and 0/100. Pure HK-17 and the mixture 80/20 
show a broad scattering maximum due to the dominant mode of 
the concentration fluctuation in the single-phase state for HK- 
17 (thick arrow). 

for the 80120 mixture after a quantitative intensity analysis 
based upon a paracrystal model, although the details will 
not be discussed here. 

Figure 9 shows the SAXS profiles for HK-7IHS-10. Neat 
copolymers HK-7, HS-10, and their 20180 mixture show 
clearly the profiles relevant to the lamellar morphology 
with a long-range spatial order. The 80/20 and 50/50 
mixtures which exhibit the unique TEM micrographs of 
the ordered bicontinuous microdomain morphology show 
the profiles which are very different from the lamellar 
morphology. The profiles are apparently similar to those 
for hexagonally packed cylinders or the spherical domains 
with a cubic symmetry, the detailed analyses of which are, 
however, beyond the scope of this work. 

Figure 10 shows SAXS profiles for HS-9/HS-10. All 
the mixtures show the profiles relevant to the lamellar 
morphology, consistent with the TEM micrographs in 
Figure 5, although the lamellar morphology is less clear 
from the SAXS profiles of the 90110, 80/20, and 70/30 
mixtures. Using the information obtained by the TEM 
studies, the SAXS profiles can be interpreted as follows. 
The diffraction maxima from the lamellar microdomains 
of the neat copolymer HS-9 or those from grains of lamellae 
rich in HS-9 for the mixtures are marked by arrows with 
numbers in circles. The diffraction maxima from the 
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Figure 9. SAXS profiles obtained for the binary mixtures of 
HK-7/HS-10 with compositions of 100/0 (wt %/wt %), 80/20, 
50/50,20/80, and0/100. Pure HK-7, pure HS-10, and the mixture 
20/80 show typical scattering profiles for lamellar morphology, 
while the mixtures 80/20 and 50/50 show profiles with hexagonal 
symmetry . 

lamellae of the neat copolymer HS-10 or those from grains 
of the lamellae rich in HS-10 are marked by arrows with 
numbers without circles. The integer number attached 
to each arrow corresponds to the order of the diffraction 
from the respective lamellar domains. 

Figure 11 shows the SAXS profiles for HY-8 and HY-12 
where the orders of the diffraction maxima from each grain 
of HY-8 or HY-12 are respectivelyindicted by thick arrows 
with numbers in circles and thin arrows with numbers 
without circles, with the integer numbers corresponding 
to the order of diffractions, as in Figure 10. 

Figure 12 shows the SAXS profiles for HY-8 and HY-10 
where the assignment of the diffraction maxima of each 
profile was given in a manner similar to that of Figures 
10 and 11. Here the following remarks are worth noting: 
(i) only HY-10 shows the profile relevant to the OBDD- 
tetrapod n e t w ~ r k , ~ ~ ' ~ ~  but all other profiles are those 
relevant to the lamellar morphology; (ii) only the 80/20 
mixture shows the maxima relevant to the coexisting 
macrophases rich in HY-10 (the maxima marked by thin 
arrows) and rich in HY-8 (the maxima marked by thick 
arrows with numbers in circles), but all other specimens 
show the profiles from a single morphological entity (either 
the lamella or OBDD-tetrapod network). 
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Figure 10. SAXS profiles obtained for the binary mixtures of HS-9/HS-10 with compositions of 100/0 (wt % / w t  %), 90/10,80/20, 
70/30, and 50/50,20/80, and O/l00. Scattering maxima and shoulders due to the lamellae rich in HS-9 are indicated by numbers with 
circles, while the other peaks indicated by numbers without circles are due to the lamellae rich in HS-10. The number indicates the 
order of diffraction. 

IV. Discussion 
A. Miscible Blends. The TEM and SAXS results 

show that the HK-7/HS-10 mixtures are miscible a t  all 
compositions, forming a single microdomain morphology. 
Almost the same result was obtained for HY-8/HY-10 
except for the 80/20 mixture. Here we discuss how the 
domain spacing depends on the composition of the 
mixtures in the regime where the two copolymers CY and 
p are miscible on the molecular level and form a,single 
domain morphology. Parta a and b of Figure 13 show the 
domain spacing D as a function of the compositions of the 
large molecular weight copolymer (Y (HS-10 and HY-10, 
respectively). The figures also include the scale of number- 
average molecular weight M n  of the two mixtures a and 
P 

(5) 
where M n s  (K = CY or 8) is the number-average molecular 
weight of the Kth component and X K  is the mole fraction 
of the Kth component ( x ,  + xg = 1). 

Figure 13a shows that the spacing D changes contin- 
uously with aa, the volume fraction of the large molecular 
weight copolymer. The abscissa actually represents weight 

M n  = X&n,a + X f l n , g  

fraction, instead of aa. We hereafter ignore the minor 
difference between volume and weight fraction. The solid 
line is the value D calculated on the basis of an extended 
Helfand-Wassermann theory37 in which the value D for 
the mixture is assumed to be identical to the value D for 
a lamellar morphology of the neat copolymer having the 
corresponding M,. Figure 13b also shows a continuous 
change of D with a,, except for @a = 0.2 where the two 
lamellar regions having the spacing close to each other 
coexist. Thus we can conclude that the mixtures of the 
SI copolymer with 

N,/Np < 5 (6) 
can be molecularly mixed a t  all compositions to form a 
single microdomain morphology. This conclusion confirms 
our earlier r e s ~ l t s . ~ ~ , ~ ~  

We previously reportedz9 that the domain spacing D of 
the mitures (Y and @ in the molecularly miscible regime 
can be scaled with Mn by 

D - Mn2I3 (7) 
This postulate was tested in Figure 14 for our mixtures 
where the values D for all the miscible mixtures exhibiting 
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Figure 11. SAXS profiles obtained for the binary mixtures of 
HY-8/HY-12 with compositions of 100/0 (wt %/wt %), 80/20, 
50/50,20/80, and 0/100. Scattering peaks due to the lamellae 
rich in HY-8 are indicated by numbers with circles, while the 
other peaks and shoulders indicated by numbers without circles 
are due to the lamellae rich in HY-12. The number indicates the 
order of diffraction. 

a single morphology are plotted as a function of M, in a 
double-logarithmic scale. The result is seen to be con- 
sistent with the 213 power law, except for the highest 
molecular weight limit (obtained for HS-9), for which D 
is much less than the predicted value. The suppression 
of D may be due to the nonequilibrium effect previously 
d i s c u s ~ e d . ~ ~  

Next, we discuss the morphological changes observed 
(in Figures 4 and 7) upon mixing the copolymers with 
different compositions. Parts a and b of Figure 4 reveal 
that the mixing of a small amount of the PS-rich copolymer 
HS-10 into the majority of the PI-rich copolymer HK-7 
has obviously changed the inteface curvature, forming the 
new ordered bicontinuous morphology. With a further 
decrease of the PS volume fraction in the copolymer, 
denoted hereafterfps, HK-7 is expededto have an interface 
with a concave curvature toward the centers of the PS 
microdomains, so that ita Gaussian curvature of the 
interface K k1k2 may satisfy K 1 0, i.e., the criterion for 
the ellipsoidal (K > 0) and paraboloidal interfaces (K  = O), 
where kl and k2 are the principal curvatures of the interface. 
Upon adding the copolymer HS-10 with fps = 0.60, i.e., 
with the composition approximately opposite to that of 
HK-7, this interface curvature may be altered to the 

hyperboloidal interface characterized by a negative Gauss- 
ian curvature K = klk2 < 0. This hyperboloidal interface 
is responsible for the ordered bicontinuous morphology in 
3D space. It is interesting to note that the solubilization 
of the small amount of HS-10 is sufficient to alter the 
interface curvature of the major component HK-7 of the 
mixture, giving a curvature-driven morphological tran- 
sition. 

Upon comparing parts e and f of Figure 7, it is very 
impressive to note that a small amount of HY-8 with f p s  
= 0.44 solubilized into the OBDD phase of HY-10 with f p s  
= 0.66 has changed the interface curvature of HY-10 from 
the hyperboloidal interface found in the OBDD-tetrapod 
microdomains to the paraboloidal interface found in the 
lamellar microdomains. Thus we can find again that a 
minority copolymer can control or change the interface 
curvature of a major copolymer in the case where the 
constituent block chains of the minority copolymer are 
solubilized into the respective domains of the majority 
copolymers with their chemicaljunctions near the interface 
of the coexisting domains. This curvature change causes 
the morphological transition between lamella and OBDD- 
terapod. 

B. Immiscible Blends. Parts a-c of Figure 15 show 
the spacing D as a function of @, for HK-17/HS-10, HS- 
10/HS-9, and HY-WHY-12, respectively. These are the 
mixtures which show only a partial miscibility. All the 
mixtures are found to be miscible in the composition range 
of 

*a < *a,CS and ‘a > *a,CL (8) 
forming a single microdomain morphology but immiscible 
in the composition range of 

@,,CS < e, < @,,CL 0.7 (9) 
forming the two coexisting macrophases of the lamellae 
withlarge and small spacings, i.e., D, and Dp respectively. 
All the mixtures show that 

(10) 
That is, the larger molecular weight copolymer a can 
solubilize agreater amount of the smaller molecular weight 
copolymer /3 in ita microdomains than /3 can solubilize a 
in ita microdomains, although the exact criteria of solu- 
bilization aU,cs and ~ , C L  have not been assessed yet. No 
experimental data were obtained so far a t  small a,, and 
the broken lines drawn in the region 0 < a, I 0.2 in Figure 
15 just show a trend expected for D(@,). 

The dotted lines in Figure 15 show the change of D with 
a, as predicted from eqs 5 and 7 for the case when the two 
copolymers a and /3 are mixed molecularly to form a single 
microdomain morphology. It should be noted that the 
trend of D in the composition range of the miscible regime 
shown by eq 8 is not consistent with the 2/3 power law 
relevant to the pure block copolymers and their mixtures 
miscible at all compositions.29 D, in the composition range 
of the miscible regime shows larger values than that 
predicted by eqs 5 and 7. There might be a possibility 
that the trend of D in the miscible regime of the partially 
miscible mixtures obeys a power law of a different kind 
of average molecular weight. This problem deserves a 
future work. 

The fact that the smaller value of DB hardly increases 
with increasing a, implies that only a very small amount 
of a is solubilized into the macrophases rich in B with the 
smaller domain spacing. Equation 10 implies that the 
coat of free energy associated with the loss of conforma- 
tional entropy of the block chains in the microdomain 
space may be greater in the case where a is solubilized in 

1 - *a,CL = * ~ , c L  ” * a , c s  
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Figure 12. SAXS profiles obtained for the binary mixtures of HY-8/HY-10 with the compositions of 100/0 (wt %/wt %), 80/20,70/30, 
60/40,50/50, 20/80, and 0/100. Scattering peaks due to the lamellae rich in HY-8 are indicated by numbers with circles, while the 
other peaks and shoulders indicated by numbers without circles are due to the lamellae rich in HY-10. Only pure HY-10 shows the 
scattering profile of OBDD-tetrapod. The number indicates the order of diffraction. 

the /3 domain (Figure 16a) than in the case where /3 is 
solubilized in the a! domain (Figure 16b). In any case the 
experimental results suggest that two copolymers a and 
/3 do not show total miscibility if 

N J N ,  > 10 (11) 
The results given by eq 9 imply that, for the mixtures 

having 0, satisfying eq 9, the amount of free energy 
lowering upon the microdomain formation AFdom&n is 
greater in the case when a and fl undergo the macrophase 
separation into the lamellae having spacing D, and Db 
(see the change from parts a and b of Figure 17) than in 
the case when a! and fl mix at molecular level to form a 
single lamellar microdomain with spacing D,, satisfying 

(12) 
(see the change from parts a-c of Figure 17). A key physical 
factor associated with N d o m a i n  is believed to be the 
conformational entropy (or the elastic free energy of 
stretching) of the blockchains in the domain space, because 
the copolymer chains are in the confined space, with their 
chemical junctions at  the interface, and stretched normal 
to the interface. The results are important to understand 

D, < D, < D, 

the self-assembling mechanism and process encountered 
in the solution-cast process, which will be discussed in a 
companion paper.39 

V. Concluding Remark 
A miscibility criterion was found for binary mixtures of 

poly(styrene-block-isoprene) which exhibit the lamellar 
morphology in most of the cases. In the miscible regime 
we found eq 7 as a scaling law of the lamellar spacing or 
domain identity period D with number-average molecular 
weight of the mixtures Mn. Two block copolymers were 
found to become immiscible in the composition range of 
a, for the larger molecular weight copolymer satisfying eq 
9, when the copolymer molecular weights are largely 
different as given by eq 11. The miscibility criterion or 
the coexisting composition 9,,cs(<0.2) or @,,cL (a0.7) (eq 
9) is proposed to strongly depend on the conformational 
entropy of the block chains confined in space (Figure 16). 
In the cases where the copolymers a and fl  are miscible 
and form a single morphology and they have a mismatch 
in composition (i.e., f,A # f p , ~ ) ,  the minority copolymers 
were found to be very effective in changing the interface 
curvature of the microdomain formed by the majority 
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Figure 13. Plots of the average domain spacing against the weight 
fraction of the block copolymer with the larger molecular weight 
(a) for the binary mixtures showing a single morphology at  all 
compositions. (a) HK- 17/ HK- 10 mixtures. (b) HY-8/HY - 10 
mixtures. The solid curve is the theoretical prediction calculated 
for the lamellar microdomain. 
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Figure 14. Double-logarithmic plot of the average domain 
spacing D against the number-average molecular weight M,, 
defined by eq 3 for the binary mixtures showing a single 
morphology. The results are consistent with the 2/3 power law 
for pure block copolymers (solid l i e )  except for the high molecular 
weight limit. The D value for HK-17 which corresponds to the 
wavelength of the dominant mode of the concentration fluctu- 
ations in the disordered state was also added in the figure aa a 
reference. 

copolymer. This curvature change causes the morpho- 
logical transition from the lamellae to the ordered bicon- 
tinuous structure (parts a to b or c of Figure 4) or from 
the OBDD-tetrapod to lamellae (parts f to e of Figure 7) 
(the curuature-driven morphological transition). This 
curvature change is believed to be driven by  free energy 
associated with packing the asymmetric copolymer chains 
m fa^ # 0.5 and/or fp,A # 0.6) with fa,A # fpA in the confined 
space. However one has to be cautious in the following 
point, in regards to the effect of the mismatch of the 
composition on the curvature change of the interface and 
hence on the curvature-driven morphological transition 
of the microdomain. If the mismatch becomes too large 
(though this is not the case in our system), the mean-field 
Flory interaction parameter Xeff between a and j3 also 
becomes very large as predicted by  eq 2. Under this 
condition, a and @ undergo macrophase separation in the 
disordered state prior to the microphase separation, which 
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Figure 15. Plots of the average domain spacing against the weight 
fraction of the block copolymer with the larger molecular weight 
(solid lines) for the binary mixtures (a) HK-17/HS-10, (b) HS- 
10/HS-9, and (c) HY-8/HY-12. The mixtures show partial 
miscibility forming the twoccexiatingmacrophes of the lamellae 
with large and small spacings, D, and Do, in the composition 
range between the critical concentration aU,cs and a U , c ~ .  The 
dotted curves are drawn according to the 2/3 power law (D = 
0.025Mn2/3, 0.021M,,2/3, and 0.023Mn213 nm for a-c, respectively). 
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t b 

A-microdomain 

(a) a-block chains in p -domain (b) P-block chains in a-domain 

Figure 16. Schematic diagrams showing two possible extreme 
cases for packing two block copolymers with different chain 
length (a) block copolymer a is solubilized in 0 domain; (b) 0 
is solubilized in a domain. Loss of conformational entropy of 
the block chains may be greater in case a than in case b. 

I phase separation 

p As- \\\ Da 

J 

Microdomains a Microdomains p Microdomains composed of 
molecular mixture of a and p 

(b) (c) 
Figure 17. Summary of the possible ordered structures for the 
binary mixtures of block copolymers: (a) a and /3 mixed in the 
disordered state; (b) microdomain rich in a and microdomain 
rich in 0 coexisting; (c) single microdomain structure in which 
a and 0 are mixed in the microdomains. 

completely alters the self-assembly and the final mor- 
p h ~ l o g y ~ ~ ~ ~ ~  of the mixtures. 
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