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ABSTRACT: The phase behavior of mixtures of two monodisperse diblock copolymers made up of A and 
B monomer units is investigated using self-consistent mean-field theory. A new scheme for phase structure 
analysis, namely, a “phase cube”, is introduced and used to study the global symmetries with respect to 
the chemical compositions and the volumes fractions of the two components. Within the global scheme 
local density profiles for selected structures and molecular parameters are calculated and used to  study 
the self-organization of the polymer chains. Several particularly interesting structures, such as the bilayer 
and inverted spherical phases, are investigated. Some possible uses for the inverted spherical phase in 
local thermodynamic equilibrium with polymeric components different from the A and B blocks of the 
copolymers are suggested. 

1. Introduction 
One of the ultimate goals in studies of block copoly- 

mers is the development of methods to determine 
polymer morphology for materials applications. The 
phase behavior of diblock copolymers can be controlled 
by synthesizing precisely tailored diblock copolymers. 
Another route to control block copolymer morphologies 
is through polymer blending, in which two or more 
copolymers with different morphologies are mixed to- 
gether to get a desired morphology. Furthermore, 
mixtures of diblock copolymers are interesting because 
of their potential t o  form new types of ordered phases 
and as a testing ground for theoretical models which 
have been developed for one-component systems. New 
equilibrium morphologies in weakly segregated diblock 
copolymers continue t o  be found,l and, in general, 
blends of diblock copolymers with each other as well as 
with homopolymers will attract the attention of polymer 
scientists for some time to c ~ m e . ~ - ~  

What has been lacking on the theoretical side is a 
systematic attempt a t  understanding the phase behav- 
ior of even a simple system such as a binary mixture of 
two types of monodisperse diblock copolymers composed 
of A and B monomer units. Due to the large number of 
controlling parameters (two molecular weights, two 
chemical compositions, temperature, and polymer vol- 
ume fractions), a very rich phase behavior is expected 
for these binary mixtures. The phases of diblock 
copolymer melts are very well described by mean-field 
theory. Many methods have been developed to solve the 
mean-field equations for single-component diblock co- 
polymer melts.8-10 The methods are usually applicable 
either for the strong segregation limitg or for the weak 
segregation limit,* both involving specific assumptions 
about the polymer density profiles. An exact approach, 
which neither involves a priori assumptions about the 
shape of the equilibrium density profiles nor truncates 
the free energy, corresponds to  solving the mean-field 
equations numerically.1° For the binary mixtures of 
diblock copolymers, an analytic theory in the strong 
segregation limit has been developed and applied to the 
lamellar and cylindrical phases of the mixtures.ll Mix- 
ing of diblock copolymers has been shown t o  have large 
effects on the self-assembly of diblock copolymer mono- 
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layers and bilayers in the strong segregation limit.12 We 
have launched a systematic study of the phase behavior 
for diblock copolymer mixtures using the self-consistent 
mean-field theory. In an earlier paper,13 we studied 
binary mixtures of long diblock copolymers and a small 
amount of short diblock copolymers and demonstrated 
that the phase behavior of the system can be altered 
by the addition of the short diblocks. In this paper, we 
propose a phase diagram scheme (a phase “cube”) to 
explore the phase behavior of binary diblock copolymer 
mixtures systematically. The theoretical calculations 
are based on a self-consistent mean-field computational 
technique described earlier.13 We consider only the 
standard lamellar, cylindrical, and spherical structures 
for simplicity, but even within this limited range of 
symmetries, we find interesting results such as the 
inverted spherical phase and the bilayer structure to  
be described later. We will restrict ourselves to the 
cases where the two diblock copolymers are of the same 
lengths, thus concentrating on the effects of chemical 
composition and volume fractions on the phase behavior. 
Extension of our calculation to general cases is straight- 
forward. We discuss both the weakly segregated and 
strongly segregated cases. The self-organization of the 
diblock copolymer chains in the different structures is 
explored by density profile-structure diagrams. The 
various regions of stability of the different structures 
are explored as a function of copolymer composition 
ratios and volume fractions. 

Besides the attempt a t  a systematic understanding 
of binary blends of diblock copolymers, we explore 
possible applications of some of these phases. This is 
partly motivated by recent interesting work of Cohen 
and c o - ~ o r k e r s ~ ~ - ~ ~  on microphase-separated domains 
of organometallic block copolymers. Here the morphol- 
ogy and size of metal- and semiconductor-containing 
microdomains have been studied for different copolymer 
compositions and block molecular weights. For the 
inverse spherical structure we discuss later, the pos- 
sibility of using homopolymers as carriers and/or swell- 
ing agents for additives in spherical microdomains may 
extend the range of processing methods for preparing 
these materials. For example, the option exists of using 
homopolymers which are more incompatible with the 
matrix block than the microdomain block to prepare 
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thin films of diblock copolymer ABhomopolymer Aha- 
mopolymer C which are in local, but not global, equi- 
librium. An application of these kinds of structures may 

concentration of dyes into microdomains. 
The organization of the paper is as follows: In section 

2 the model system and the method used in the study 
are introduced, a discussion on the general phase 
diagram for binary mixtures of diblock copolymers is 
given, and a comparison between the weakly and 
strongly segregated regimes is made. Polymer density- 
profile-structure diagrams are shown in section 3, and 
section 4 focuses on the inverse spherical structure in 
local and global thermodynamic equilibrium. The con- 
clusions are given in section 5. The details of the mean- 
field theory and associated computational techniques 
are reviewed in the appendix of ref 13 and will not be 
repeated here. 

2. Phase Diagram for  Binary Mixtures 

We consider two types of AB diblocks, with chemical 
compositions f1 = Z ~ A / Z ~  and fz = Z u / Z z  and a Flory- 
Huggins interaction parameter x between the A and B 
units. Here 21 and ZZ are the degrees of polymerization 
of the two diblock copolymer chains and ZIA and ZZA 
are the degrees of polymerization of the A blocks for the 
first and second components. The binary mixture itself 
is composed to two monodisperse components, with 

be to 3D computer memory devices," which involve the +l.W 

$4.75 
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1 - @ as the volume fraction of the first component and 
@ as the fraction Of the second component. In 
order to concentrate on the effects of the chemical 
comDositions (fi  and 6) and the Dolvmer volume frac- 

Figure 1. Calculated phase diagram "cube" for binary mix- 
tures of diblock copolymers for the weakly segregated case, 

= 0.06 and 2, = zZ = 400. 

tions (@), the-degrees of polym&iiation of the two 
components are assumed to be equal, 21 = ZZ 2. This 
leads to an anomalously high degree of symmetry in the 
phase diagram; however, if 21 zz ZZ, we expect that the 
topology of the phase diagrams remains the same, even 
though the precise symmetries for 21 = ZZ will be 
broken. 

The model system is studied by using the self- 
consistent mean-field theory described earlier.I3 For a 
given set of parameters {x, 2, f1, f i ,  @}, the self- 
consistent-field theory is solved for the lamellar, cylin- 
drical, and spherical structures. The equilibrium struc- 
ture is determined by minimizing the free energy 
density with respect to the domain sizes of the structure. 
This procedure is repeated for all values offi, fz, and @. 
The phase diagram is then constructed by analyzing the 
free energies of the different structures. 

The main issue is the best way to present the result 
for a system with a large number of variables. We have 
chosen the main variables to be the chemical composi- 
tions of the two components cfi and f i )  and their volume 
fractions ($1. Most of the calculations we have carried 
out are for xZ = 20, with x = 0.05 and Z = 400, in the 
crossover region between the weakly and strongly 
segregated regimes for diblock copolymer melts. We 
also present some results in the strongly segregated 
regime, for xZ = 80, with x = 0.2 and Z = 400, where 
the phase diagram becomes independent of xZ.  

The phase diagram can be presented in the form of a 
cube, shown in Figure 1. The bottom plane corresponds 
to a one-component system with phase boundaries 
which are vertical, since the volume fraction of the 
second component, @, is zero. The top plane corresponds 
to another one-component system with phase bound- 
aries which are horizontal, since the volume fraction of 
the first component, 1 - @, is zero. Between the bottom 

plane and the top plane the phase diagram twists in a 
way which is characteristic of a binary diblock copoly- 
mer blend, with the middle plane being the one of 
greatest symmetry. Due to the equivalence of A and B 
blocks, the center of each plane is a point of inversion 
symmetry in the plane (fi - 1 - fi, f i  - 1 - fz),  and 
this symmetry will be broken if the two blocks are of 
different sizes. Due to the equivalence of the two 
components (21 = ZZ), the center of the cube is also a 
point of inversion symmetry in the cube (fi - f i , @ - 
1 - @), and this symmetry will be broken for 21 t 22.  
The white dots indicate the intersections of the vertical 
plane defined byfi = f i , which passes through two edges 
of the cube (fi = 0, fz = 0 and f i  = 1, f i  = l), and the 
phase boundaries in the individual horizontal planes. 
Since f i=  f i  in this vertical plane and 21 = 22,  the blend 
reduces to a one-component system, with @ being a 
redundant variable. Hence, the positions of the white 
dots are the same in all the horizontal planes. There- 
fore, these points are structural fixed points in the phase 
diagram. As mentioned earlier, if 21 =Z 22,  the point 
symmetries are approximate, but the topology of the 
phase boundaries is the same as for the highly sym- 
metric case with 21 = ZZ. 

Figure 2 shows the detail of the cut through the cube 
at @ = 0.25. The dashed line sloping to the left is 
defined by f = fdl - @) + fz@ = 0.5, where fis the total 
volume fraction of A blocks in the mixture. Simple 
volume-filling considerations lead to the conclusion that 
the system should assume a lamellar structure in the 
vicinity of this line. Figure 2 shows that this is indeed 
the case, except for the regions close to fz = 0 or fz = 1, 
i.e., mixtures of one diblock copolymer with another 
extremely asymmetric diblock copolymer. Another 
dashed line (defined by f1 = f i )  connecting the two 
comers corresponds to a one-component system. The 
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Figure 2. Detail of the calculated phase diagram shown in 
Figure 1, for the horizontal plane corresponding to 4 = 0.25. 
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Figure 3. Detail of the calculated phase diagram shown in 
Figure 1, for the horizontal plane corresponding to 4 = 0.5. 

sides of the square indicate mixtures where one of the 
two components is a homopolymer. Figure 3 details the 
cut through the cube at 4 = 0.5 and shows a highly 
symmetric structure for the phases of different sym- 
metries. Of particular interest is the inverted spherical 
phase, labeled S-l, which does not appear in Figure 2 
for 4 = 0.25. Figure 4 shows the cut through the cube 
at 4 = 0.75. This diagram can also be obtained through 
point inversion of the diagram for 4 = 0.25 through the 
center of the cube. Detailed structural information 
about these phases is contained in the polymer density 
profiles, which will be discussed later. 

Figure 5 shows the phase diagram for a strongly 
segregated system, with x = 0.2, Z = 400, and 4 = 0.25. 
Comparison with Figure 2 shows that the strongly 
segregated blend has much smaller two-phase and 
homogeneous regions and that the phase boundaries are 
more vertical. Figure 6 for the strongly segregated 
system with = 0.2 also contains the inverted spherical 
phase in a narrow region bounded by the edges of the 
phase diagrams for the homopolymerhlock copolymer 
mixtures. 

The calculated phase diagram can be understood in 
terms of the interfacial spontaneous curvature and the 
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Figure 4. Detail of the calculated phase diagram shown in 
Figure 1, for the horizontal plane corresponding to  4 = 0.75. 
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Figure 5. Detail of the calculated phase diagram ,,r the 
strongly segregated case of binary mixtures of diblock copoly- 
mers, with x = 0.2, 21 = 22 = 400, and the horizontal plane 
corresponding to 4 = 0.25. 

segregation of the diblocks. The spontaneous curvature 
of the interfaces is determined by the chemical composi- 
tions of the diblocks at the interfaces. If the diblocks 
are completely segregated, the spontaneous curvature 
is proportional to the total chemical composition f = 
(1 - + 4 f 2  and the phase boundaries will be 
determined by f only; i .e.,  the phase boundaries will be 
parallel to each other. The segregation of the diblocks 
is determined by the chemical compositions f 1  and f 2 .  
When f 1  and f 2  are close to 0.5, the diblocks are segre- 
gated to the interfaces. This explains the approximately 
parallel phase boundaries in the interior of the f i - f i  
phase diagrams. On the other hand, when either f~ or 
f 2  is close to 0 or 1, the highly asymmetric diblocks are 
localized in the middle of the domains, as will be 
demonstrated in the next section, and the interfacial 
spontaneous curvature is no longer determined by the 
total chemical composition f .  For example, when f i  = 
1, the spontaneous curvature of the interfaces is deter- 
mined by f i .  The appearance of the spherical, bilayer 
lamellar, and inverse spherical phases can be attributed 
to the change of the interfacial curvature with f 2 .  
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Figure 6. Detail of the calculated phase diagram for the 
strongly segregated case of binary mixtures of diblock copoly- 
mers, with x = 0.2, ZI = ZZ = 400, and the horizontal plane 
Corresponding to  @ = 0.5. 
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Figure 7. One-quarter of the phase diagram shown in Figure 
3 for the weakly segregated case of binary mixtures of diblock 
copolymers. The arrows indicate the positions on the perim- 
eter of the diagram where density profile calculations were 
carried out. 

3. Polymer Density %file-Structure 
Diagrams 

In order to understand the self-organization of the 
polymer chains in the binary mixtures, i t  is helpful to 
calculate the density profiles and to relate the density 
profiles to the equilibrium structures. To study the 
density profiles associated with the various structures, 
we will focus on one-quarter of the symmetric phase 
diagram shown in Figure 3 for x = 0.05, ZI = ZZ = 400, 
and q5 = 0.5. This section of the complete phase diagram 
is bounded by the straight lines @“I = fz; fi + fz = 1; and 
fi = 1) and is shown in Figure 7. The structures inside 
the triangle in the different phases are similar to the 
corresponding phases around the perimeter. F’racti- 
cally, polymer morphology control can be achieved by 
blending the diblock copolymers whose properties are 
determined from the phase diagram. In what follows 
we will discuss the polymer density profiles and the 
diblock structures for the phases around the perimeter 
of Figure 7. 

x=0.05,2=400, f,=0.7, f,=0.3, @=0.5 
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Figure 8. ~tructwe-density profile diagram for a symmetric 
mixture of dibloeks with f i  + j5 = 1, corresponding to a lamellar 
phase. All the distances in our calculations are measured in 
terms of the Kuhn length b. 

The simplest case is the line fi = fi. For the mixtures 
of equal length diblocks, this line corresponds to a pure 
diblock melt. The phases are therefore controlled by the 
chemical composition fi = fz, and the phase transition 
sequence is the well-known one: lamellar to  cylindrical 
to spherical to homogeneous when fi = fz changes from 
0.5 to  1. 

For the case fi + fz = 1, the system is a symmetric 
binary mixture. Due to the symmetry of the system, 
the diblocks form a lamellar structure, shown in Figure 
8. The lamellar structure arises from the complemen- 
tary short and long blocks of the copolymer fitting 
together, on the average, to give a domain of uniform 
width. As seen in the figure, the density profile of the 
short blocks has a dip in the middle of the domain, 
where the long block density profile has a maximum. 
The two extreme values off1 along this line are fi = 0.5 
and fi = 1, corresponding to a pure symmetric diblock 
melt and a pure homopolymer Alhomopolymer B mix- 
ture. Therefore, increasingfi along the straight line fi + fi = 1, displayed in the phase diagram Figure 7, the 
lamellar structure eventually becomes unstable and the 
system separates into two phases. Figure 9 shows the 
evolution of the free energy for this type of instability, 
which results in phase separation at fi = 0.83 for the 
given chain parameters. In Figure 10 we see that the 
range of stability of the lamellar phase is greater for 
larger x, a result due to the larger interfacial tension 
in this case, which provides a greater thermodynamic 
driving force for stretching the highly asymmetric 
diblocks into a lamellar structure. 

For the case fi = 1, the system is an  AB diblock and 
A homopolymer mixture. The two extreme values off2 
are fz = 1, corresponding to a homogeneous homopoly- 
mer A melt, and fz = 0, corresponding to a phase- 
separated homopolymer AB mixture. Decreasing fi 
from 1 to 0 will, therefore, drive the system from the 
pure A melt to a phase-separated AB mixture, with the 
spherical, cylindrical, lamellar, and inverse spherical 
structures as intermediate phases. Figure 11 shows the 
density profiles for the top arrow along the vertical line 
of the phase diagram shown in Figure 7. Here fi = 1 
and 0.76 > fz > 0.66, corresponding to a mixture of 
homopolymers and diblock copolymers, which forms a 
spherical structure. The B blocks form well-defined 
spherical domains, and the A homopolymer disperses 
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Figure 9. Free energy of the symmetric lamellar phase as a 
function of the lattice parameter d ,  when moving toward the 
two-phase region along the line f i  + fs  = 1 shown in Figure 7. 
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Figure 10. Domain spacing for the symmetric lamellar phase 
as a function of the asymmetry parameter, f, for both the 
weakly (x = 0.05, Z = 400) and strongly (x = 0.2, Z = 400) 
segregated cases when moving toward the two-phase region 
along the line f i  + f i  = 1 shown in Figure 7. 
into the matrix formed by the A blocks of the copolymer. 
Decreasing fi from the value corresponding to this 
spherical phase drives the system into a cylindrical 
phase (0.66 > fz > 0.541, with similar molecular orga- 
nization as the spherical phase, except that  the spheres 
are replaced by cylinders. Decreasing fz further, the 
system assumes a lamellar structure (0.54 > f i  > 0.4). 
The middle arrow of the vertical line f i  = 1 corresponds 
to fz  = 0.5. Here we have a dihlock copolymer bilayer 
separating homopolymer domains, shown in Figure 12. 
This lamellar structure is characterized by large A 
domains composed of A homopolymers, separated by a 
lamellar structure of the dihlock copolymers. The B 
blocks of the diblock copolymers form a bilayer struc- 
ture. This Helfrich-like structure'* is stable over a large 
part of the phase diagram hut has a shallow free-energy 
minimum in the region aroundfi = 1 and f .  = 0.5. For 
comparison, the free energy as a function of the lattice 
spacing d is shown in Figure 13 forfi = 1.0 and fz = 0.5 
and for the symmetric dihlock case with fi = 0.5 and fz 

c - -  . 

I , t 

homopolymer A I 
block A 

Figure 11. Structure-density profile diagram for a mixture 
of a homopolymer and an asymmetric dihlock copolymer 
resulting in spherical domains, corresponding to the upper 
arrow on the vertical line f i  = 1 shown in Figure 7. 
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Figure 12. Structure-density profile diagram for a mixture 
of a homopolymer and a symmetric diblock copolymer resulting 
in diblock bilayers, corresponding to the middle arrow on the 
vertical line fi = 1 shown in Figure 7. 

= 0.5. It is expected that fluctuations about the ordered 
state will he more significant for the shallow free energy 
with f i  = 1 and fz  = 0.5 than for the symmetric diblock 
structure. For even smaller values off2 (0.4 > fa > 0.231, 
an inverse spherical structure is stabilized in the binary 
mixtures. The lowest arrow along the vertical line f i  = 
1 shown in Figure 7 corresponds to fi = 0.4. Here we 
find an inverse spherical phase, for which the density 
profiles are displayed in Figure 14. In this case, we 
have well-defined spherical domains, stabilized by the 
A blocks of the copolymers, with the B blocks forming 
the supporting matrix and the homopolymer A acting 
as a filler inside the spherical domains. Comparing 
Figure 7 for x = 0.05 with the corresponding phase 
diagram for the strongly segregated case shown in 
Figure 6 ( x  = 0.21, we see that the inverse spherical 
phase persists in roughly the same region around the 
edge of the phase diagram, except for a narrowing of 
the region of stability in the strongly segregated case. 
This phase may have some practical applications in 
forming structures in local, hut not global, thermody- 
namic equilibrium, as discussed in the next section. 
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Figure 13. Free energy as a function of lattice spacing for a 
one-component system of symmetric diblocks with lamellar 
structure (f, = 0.5, fi = 0.5) and the bilayer lamellar structure 
(fi = 1.0, fz = 0.51, showing the shallower free energy minimum 
for the bilayer structure. 
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Figure 14. &ructure-density profile diagram for a mixture 
of a homopolymer and an asymmetric diblock copolymer 
resulting in inverse spherical domains containing the ho- 
mopolymer, corresponding to the lower arrow on the vertical 
line f, = 1 shown in Figure 7. 

4. Inverse Spherical Structures in Local 
Equilibrium 
An active area of research on materials suitable for 

electronic devices is the development of 3D optical 
memory devices." The potential of an enormous infor- 
mation storage capability within a small volume and 
the possibility of moving the information in and out of 
storage rapidly make this an attractive research goal. 
There are numerous approaches to this problem; how- 
ever, we will focus exclusively on the use of photochro- 
mic materials for 3D optical memory devices. The 
photochromic behavior of spiropyran derivatives dis- 
solved in a polymer matrix or incorporated into the 
backbone of the bulk polymer has been discussed by 
Eisenbachl9 and by Smets.2" In particular, many stud- 
ies of the ring openinglclosure of spirobenzopyrans 
involving cleavage of the C-0-pyran bond followed by 
rotation of one part of the molecule have been carried 
out. However, the purpose of this section is not to 
discuss the chemistry of this prncess but to point out 
that the inverse spherical structure shown in Figure 14, 

block B 

\ , , , 
- - _ - *  

, 
5 . . 

Figure 15. Schematic of inverse spherical structure similar 
to Figure 14, except that a homopolymer C (with attached dye 
molecules for possible 3D optical memory device applications) 
which is more incompatible with block B than with block A 
and homooolnner A is inside the domain. resultine in a 
structure which is in local, but not global,'thermod&amic 
equilibrium. 

which is stabilized by the presence of the homopolymer 
filler inside the spherical domains, may have a useful 
application as a possible structure for 3D optical memory 
device materials. 

Figure 15 shows another version of the inverse 
spherical structure, in which the homopolymer A is 
complemented by another homopolymer C with attached 
dye molecules. For polymeric structures in local ther- 
modynamic equilibrium it  is not a requirement that 
homopolymer C be compatible with homopolymer A or 
block A of the copolymer; i t  is only necessary that 
homopolymer C to be more incompatible with block B 
of the copolymer than with homopolymer A or block A 
of the copolymer for the structure to remain in local 
equilibrium. Of course the preparation of such struc- 
tures depends very much on the processing conditions, 
as has been observed before the three-component en- 
capsulated homopolymer structures in local equilibri- 
urn.2l 

Other possibilities for dye attachment are to the A 
block of the copolymer or to homopolymer A. The best 
choice depends on the particular use of the material, 
the processing conditions, and the chemistry of the dye 
attachment. In any case, the controlled concentration 
of dye molecules into small spherical domains should 
offer a design advantage for the building of robust 
optical memory devices. Similar structures have been 
investigated by Cohen and co-workers for the purpose 
of incorporating metallic inclusions in a regular micro- 
scopic spatial a r r a ~ . ' ~ - ' ~  

5. Conclusions 
The phase behavior of binary diblock copolymer 

mixtures is studied by using the self-consistent mean- 
field theory. Results for mixtures of long and short 
diblocks have been obtained earlier,13 and mixtures of 
equal length diblocks are studied in this paper. A new 
scheme for phase structure analysis, the phase cube, 
has been presented for binary mixtures of diblock 
copolymers. The availability of the phase diagrams 
should provide useful guidance to the practical design 
of diblock copolymer blends for material applications. 
Although only a limited number of phases has been 
considered (lamellar, cylindrical, spherical), the results 
show where the phase boundaries are, and this should 
be useful in suggesting which regions could contain 
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more complicated structures. Conversely, the results 
also show that vast regions where the lamellar structure 
predominates, and these areas could be prudently 
avoided in searching for new structures. In addition, 
calculated density profiles are given for some interesting 
structures (inverse spherical, bilayer), and these could 
be investigated experimentally using techniques such 
as neutron reflectivity22 or grazing incidence X-ray 
~ c a t t e r i n g . ~ ~  Also, inaccuracies inherent in the inho- 
mogeneous Flory-Huggins model are expected, espe- 
cially for cases of substantial chain stretching, and the 
theoretical results here can be used to select structures 
which should also be investigated by other theoretical 
methods.24 Finally, there is some practical value in 
knowing in what range of chain parameters the inverse 
spherical structure might be stable, especially if these 
structures are suitable for preparing metallic, semicon- 
ducting, or dye n a n o c l ~ s t e r s . l ~ - ~ ~  
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