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ABSTRACT: We examine weakly segregated blends of AB diblock copolymer and A homopolymer with 
similar degrees of polymerization. The relative stability of numerous phases is examined and phase 
diagrams are constructed using self-consistent field theory. While the pure diblock sysiem is only found 
to exhibit the body-centered cubic (spherical), hexagonal (cylindrical), bicontinuous Ia3d cubic (gyroid), 
and lamellar ordsred phases, we find that  the addition of homopolymer stabilizes close-packed spherical, 
bicontinuous Pndm cubic (double-diamond), and hexagonally-perforated (catenoid) lamellar phases. We 
find that,  in general, the minority-component region of a microstructure can only accommodate a limited 
amount of homopolymer before macrophase separation occurs. On the other hand, the majority-component 
regions can swell indefinitely with the addition of homopolymer, eventually resulting in an  unbinding 
transition. We associate the region of highly-swollen microstructures with the micellar region observed 
in real systems. For the lamellar and hexagonal phases, we examine the distribution of homopolymer 
within the microstructure, and for the lamellar phase, we calculate the effect of homopolymer on the 
dimensions of the A- and B-rich microdomains. 

1. Introduction 
The self-assembly of block copolymer molecules into 

various and often elaborate microstructures has at- 
tracted considerable attention. Much of this interest 
stems from the fact that copolymers exhibit structures 
like those observed in other “soft material” systems 
involving, for instance, l ip id~ , l -~   surfactant^,^ and liquid 
 crystal^.^ Furthermore, similar structures are observed 
in complex biological systems.lS6 Generally, the mech- 
anisms responsible for molecular self-assembly are 
easily understood, while those that determine the 
geometry of the resulting structures are not so easily 
understood. The mechanisms involved will differ some- 
what from system to system. In pure diblock copolymer 
melts, the factors dictating geometry are, to a large 
degree, e~p la ined .~  However, for multicomponent co- 
polymer blends, the understanding is rather incomplete, 
indicating a need for further study. Because diblocM 
homopolymer melts are among the simplest blends, as 
well as being closely analogous to other two-component 
self-assembling systems such as lipidwater ones, they 
are a natural system for a more thorough study. 

The physics governing the microphase separation of 
pure AB diblock melts is straightforward. At high 
temperatures, the system forms a disordered (DIS) 
phase so as to maximize entropy. As the temperature 
is lowered or the degree of polymerization increased, the 
A and B blocks of the copolymer will separate, provided 
they are immiscible (i.e., if the Flory-Huggins param- 
eter, x, is positive). However, the connectivity of the 
immiscible blocks prevents macrophase separation, and 
instead, a structure forms with microscopic-sized A- and 
B-rich regions separated by an extensive amount of 
internal interface. The length scale of this microstruc- 
ture is determined by a competition between the inter- 
facial tension, which favors large domain sizes, and the 
entropic stretching energy of the polymer, which prefers 
small domains. The stretching occurs due to the 
incompressibility of the melt enforcing the overall 
monomer density to be uniform. 

The geometry of the structure that forms is deter- 
mined t o  a large extent by the competition between the 
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A and B blocks as to which will have to stretch the most. 
When both have comparable degrees of polymerization, 
the competition is balanced and flat interfaces occur. 
However, when one block has a greater degree of 
polymerization, the system prefers to form curved 
interfaces with the larger block on the convex side and 
the smaller one on the concave side. For a fmed 
interfacial area per copolymer, this allows the large 
block to relax while the small one must stretch. How- 
ever, the cost of stretching the small block is more than 
compensated for by the relaxation of the large one, and 
hence, the overall entropic stretching energy is reduced. 
This accounts for the progression of the minority- 
component domains from flat lamellae to  cylinders to 
spheres as the asymmetry between the A and B blocks 
is increased producing a larger spontaneous mean 
curvature. We note that this progression is also influ- 
enced by asymmetry in the A- and B-monomer statisti- 
cal segment  length^.^,^ 

The above units form the “classical” phases: the 
lamellar (L) structure, the hexagonally (H) arranged 
cylinders, and the body-centered cubic (Qmsm) ordered 
spheres. It is now clear that between the L and H 
phases a number of other structures compete for stabil- 
 it^.^ In order to be stable, the structure not only should 
have an interface with a curvature that nowhere devi- 
ates significantly from the spontaneous curvature but 
also should allow the molecules to pack efficiently. 
Within some structures, there will be regions requiring 
polymers to stretch excessively in order to maintain a 
constant monomer density, and these are unlikely to  be 
stable. It is difficult to determine which structures 
minimize these stressed regions while providing the 
desired interfacial curvature. For Kame time, it was 
thought that the bicontinuous Pn3m cubic 
phase, often referred to  as the double-diamond phase, 
was In this phase, the minority component forms 
two interweaving diamond lattices with the majority 
component filling the space between them. More recent 
experiments have cast doubts on thislo and suggest th>t 
the actual structure observed was a bicontinuous Ia3d 
cubic phase,ll sometimes referred to as the gyroid 
phase. This structure is very similar except that the 
minority component forms two 3-fold-coordinated lat- 
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tend to be immiscible with the microstructure and hence 
phase separate, whereas small ones tend to be miscible 
and can swell the microstructure, causing the lattice 
spacing to diverge. Recognizing that fluctuations, not 
considered in the SCFT, would cause highly swollen 
structures to disorder, we associate them with the 
experimentally observed micellar regions. Next, slices 
through the phase diagram are calculated for various 
degrees of segregation and homopolymer molecular 
weights. In these slices, all the phases discussed in this 
section are considered, and regions of stability are found 
for the L, H, Qmsm, Qa&, QPnsm, HPL, and CPS ordered 
phases. We conclude our study by examining the 
homopolymer distribution within the lamellar and 
hexagonal phases. Understanding the factors that 
control this distribution leads to simple physical expla- 
nations for the behavior predicted by our calculations. 

2. Theory 
We consider binary blends of AB diblock copolymer 

and A homopolymer. The A and B blocks of each 
copolymer molecule consist of flv and (1 - ON mono- 
mers, respectively, while each homopolymer molecule 
possesses aN monomers. We assume that all monomers 
are incompressible and define them such that they each 
occupy a volume, lleo. In this paper, it is assumed that 
both monomer types have the same statistical segment 
length, a.38 The immiscibility between A and B mono- 
mers is controlled by the Flory-Huggins parameter, x. 

In an earlier paper,14 we demonstrated a straightfor- 
ward way of formulating the self-consistent field theory 
(SCFT) for multicomponent polymer systems41 in the 
grand-canonical ensemble. There, the equations were 
expressed in their real-space representation. Below, we 
express them in an orthonormal-basis-function repre- 
sentation, which is more convenient when dealing with 
the ordered periodic phases these systems exhibit. The 
basis functions, fi(r), allow us to express a given func- 
tion, g(r ) ,  as 

tices rather than diamond ones which are 4-fold coor- 
dinated. Also observed is a hexagonally-perforated 
lamellar (HPL) phase,'J2 sometimes called the catenoid 
lamellar phase, where minority-component lamellae are 
perforated by a hexagonal arrangement of holes. The 
holes between adjacent minority-component lamellae 
are staggered, but it is still unknown whether these 
lamellae pack in an abab ... or an abcabc ... sequence. 

The addition of A homopolymer to the melt provides 
new behavior. For instance, the presence of a second 
component leads to macrophase separation, i.e., biphasic 
regions. Furthermore, it allows the A-rich regions to 
swell to  macroscopic sizes while the B-rich regions 
remain as microscopic micelles. A more subtle effect of 
the homopolymer is to alleviate stress in the A blocks 
of the copolymer by occupying regions in the micro- 
structure that otherwise would be filled by highly 
stretched copolymers. Because this will affect different 
phases to varying degrees, it can alter their relative 
stabilities and bring about new equilibrium struc- 
tures.13J4 This is particularly true between the L and 
H phases where there is a close competition involving 
the Qpnsm, Qasd, and HPL phases. Also, in the case of 
the Qmsm phase, there is evidence that alleviating these 
stresses allows the bcc ordered spheres to rearrange into 
a close-packed spherical (CPS) phase13-16 or a simple 
cubic one.17J8 Another equally important consequence 
of the homopolymer is its effect on the spontaneous 
curvature of the internal interface, which, in turn, can 
produce phase transitions between different microstruc- 
tures. This occurs because the entropy of mixing causes 
the homopolymer to swell the A blocks of the copolymer, 
curving the interface toward the B-rich domains. 

Considering all the effects in diblockhomopolymer 
blends, there is much that remains to be studied. Past 
research has focused on a few issues such as the 
distribution of homopolymer in the lamellar micro- 
s t r u c t ~ r e l ~ - ~ ~  and the micellar region.15J7J9,25-28 Still, 
little has been done to establish the global phase 
behavior. Experimentally, a number of samples have 
been examined and the phases they exhibit iden- 
tified.18,21,22,29-32 Observed are the ordered L, H, Qmsm, 
QPnsm, Qagd, and HPL phases33 and a disordered phase 
with various micellar regions. Early attempts to de- 
termine phase behavior correlated microstructures with 
the overall A-monomer volume fraction, 18,20 which is 
inappropriate since the effects of adding A homopolymer 
are much different than those of adding A monomers 
to  the copolymer. However, as of yet, too few samples 
have been examined to begin constructing proper ex- 
perimental phase diagrams. On the theoretical side, 
Whitmore and N ~ o l a n d i ~ ~  have examined the interplay 
between microphase and macrophase separation in the 
weak-segregation limit. However, their study only 
considered the lamellar morphology. There are now 
calculations which examine numerous ordered struc- 
tures, one for strongly segregated melts13 and another 
for weakly segregated ones.14 

In this paper, we extend our previous work,14 which 
used self-consistent field theory (SCFT)35s36 to examine 
weakly segregated blends of AB diblock copolymer and 
A homopolymer. Before beginning our calculation, we 
recast the equations of the SCFT from the real-space 
representation in ref 14 to the more convenient basis- 
function representation in ref 37. We then start by 
considering blends containing nearly symmetric diblocks 
and examine the solubility of homopolymer in the 
lamellar morphology. We find that large homopolymers 

where 

which then permit us to represent g(r) in terms of the 
amplitudes, gi. The series, fi(r), will only include 
functions that first possess the symmetry of the phase 
being considered and secondly are eigenfunctions of the 
Laplacian operator, 

(3) 

where D is some length scale for the periodic phase. We 
order the functions starting with = 1 such that Ai 
is a nondecreasing series. For the lamellar phase, we 
use fi(r) = f i  cos(2di  - lMD) with Ai = 4n2(i - 112 for 
i 2 2, where z is the coordinate orthogonal to  the 
lamellae. Basis functions are provided in ref 39 for the 
phases with other space-group ~ymmet r i e s .~~  Typically, 
each Ai is a constant, but for phases that involve two 
independent length scales such as the HPL one, it 
depends on the ratio of the two lengths. 
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The first step in the SCFT is to solve for a noninter- 
acting system of polymers subject to fields, wA(r) and 
zudr), which act on A and B monomers, respectively. 
In this noninteracting system, we are able to calculate 
the average A- and B-monomer densities, and 4 ~ -  
(r), respectively. The next step involves adjusting WA- 
(r) and wdr)  in order to satisfy the self-consistent field 
equations, 

xN(@A,i - $JB,i) =  OB,^ - w A , ~  for i  = 1, 2, 3, ... (4) 

( 5 )  #A,+ + $JB,i = di, for i = 1, 2, 3, ... 
The amplitudes of $A(r) and of 4 B ( r )  are given by 

@A$ = r Q k { h f  ds qcj (s)  q : , k ( S )  + 
j k  

z ha ds q h j ( s )  q h , k ( a  - s)I (6) 

(7) 

where z = exp@/kBT), ,u is the chemical potential of the 
homopolymer, and 

The two integrals in eq 6 are the contributions to 4 A ( r )  
due to A blocks of the copolymer 4,&), and to the 
homopolymer h ( r ) ,  respectively. Above, the ampli- 
tudes of the monomer densities are expressed in terms 
of the amplitudes of end-segment distribution functions 

i f s  f 

(11) 

which are then expressed in terms of the transfer 
matrices, TA(s) = exp(As) and TB(s) exp(Bs). The 
matrix, A, is given by 

where A = D/aWi2 is a dimensionless lattice spacing. 
The matrix, B, is given by a similar expression. 

Once the above amplitudes are determined and the 
self-consistent field equations are satisfied, the free 
energy or grand-canonical potential, F, is given by 

For a uniform disordered phase, 4A,i, 4B,i ,  WA,i, and W B , ~  
are all zero for i I 2, and thus, this expression greatly 
simplifies. The average volume fraction of the ho- 
mopolymer, 45 = &,I, is zqh,l(a) = za exp{-wA,la}, and 

the volume fraction of the copolymer, 1 - 4, is qc,l(l) = 
exp{-wA,lf- WB, l ( l  - n}. With this, one can show that 
for the DIS phase 

where ~ A J  = 4 + A 1  - 4) and 

For a periodic ordered phase, the amplitudes for each 
quantity form infinite sequences. However, they can 
be truncated on the basis of an acceptable error toler- 
ance. Our tolerances are generally taken such that the 
phase boundaries are accurate to within the line widths 
of our plots. In some cases, this requires up to 200 basis 
functions. For the periodic phases, the final step is to 
minimize the free energy with respect to their lattice 
spacing, D. For the HPL phase, F must also be 
minimized with respect to the ratio of the lamellar 
spacing to the spacing of the holes in the perforated 
layers. By comparing the free energies of different 
phases, we determine the phase diagram. 

3. Results and Discussion 
We begin with a calculation analogous to  one in ref 

34. Here, we are primarily interested in the phase 
coexistence between homogeneous disordered phases 
and ordered microstructures. Calculations have shown 
that the free energy difference between competing 
microstructures is small compared to that between a 
microstructure and a disordered phase.35 Hence, the 
coexistence region is relatively insensitive to the actual 
microstructure used in the calculation. Thus, for sim- 
plicity, we choose a diblock cf = 0.45) that we expect 
will generally order into the lamellar microstructure and 
for the moment disregard the possibility of other mi- 
crostructures. To this particular diblock, we blend three 
different homopolymers, a = 3/2, 1, and 2/3. In each case, 
we calculate the phase diagram as a function of xN and 
4, where the latter quantity is the volume fraction of 
the homopolymer. The resulting phase diagrams are 
shown in Figures lb, 2b, and 3b. 

For small values of xN, the copolymer and homopoly- 
mer are completely miscible and they always produce 
a single homogeneous disordered (DIS) phase. In Figure 
lb, where the homopolymer has a polymerization index 
greater than that of the copolymer (a = 3/2), macrophase 
separation can only occur above the critical point at xN 
= 5.45. Above it, the system can separate into ho- 
mopolymer-rich and diblock-rich DIS phases, but not 
until xN > 10.38 does the diblock-rich DIS phase order 
into the lamellar microstructure. Here, the ordering 
transition is c o n t i n u ~ u s , ~ ~  but had we considered the 
other morphologies, presumably, there would be a 
sequence DIS - Q m g m  - H - Q a a d  - L of first-order 
transitions. The intermediate phases should exist in 
narrow regions all separated by even narrower coexist- 
ence regions. Initially, the solubility of homopolymer 
in the lamellar phase increases with XN to a maximum 
of 45 = 0.109 and then it decreases, becoming exponen- 
tially small in the strong-segregation limit. l3 Decreas- 
ing the molecular weight of the homopolymer to  a = 1 
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Figure 1. (a) Dimensionless Helmholtz free energy fd@) as 
a function of the homopolymer volume fraction 4 at xN = 12, 
f = 0.45, and a = 3/2. The dashed line shows the double- 
tangent construction used to locate the binodal points denoted 
with dots. The dotted line represents the free energy of 
noninteracting bilayers. (b) Phase diagram obtained by 
repeating this construction over a range of xN. The dots are 
the binodal points obtained above, and the diamond denotes 
a critical point below which two-phase coexistence does not 
occur. 

0 1 

a = 1.0 
f = 0.45 

16 
2-phase 

8 

DIS 
" 
0.0 0.2 0.4 0.6 0.8 1.0 

0 
Figure 2. Similar to Figure 1, but for a = 1. In (a), the 
double-tangent construction is not shown for reasons of clarity. 

(see Figure 2b) simply reduces the size of the two-phase 
region. A further reduction (see Figure 3b) can actually 
lead to the disappearance of the two-phase region. 
When a = V 3 ,  coexistence between the DIS and L phases 
occurs only for xN > 18.58. 

To show what happens to the two-phase region, we 
examine the free energy a t  xN = 12 for a = 3/2, 1, and 
2/3. In general, we use the grand-canonical potential to 
determine phase boundaries, but for illustration pur- 
poses, we now consider the Helmholtz potential and 
perform the double-tangent construction as in ref 34. 
To proceed, we define a dimensionless Helmholtz free 
energy, f ~ ( 4 )  NF/kBT@oV + ,@/ak~T + c 1 4  + CO, and 

2-phase a = 0.67 
f = 0.45 

16 16 t 

Figure 3. Similar to Figure 1, but for a = 2/3. In this case, 
the free energy curve in (a) does not produce macrophase 
separation and so the unbinding transition denoted with a dot 
occurs. In (b), the diamond shows where the stability line for 
microphase separation meets the unbinding transition. 

for reasons of clarity, we choose the arbitrary constants, 
c1 and CO, so that f ~ ( 0 )  = f~(1) = 0. For the given value 
of xN, the pure diblock melt (4 = 0) exhibits the lamellar 
morphology. As 4 becomes nonzero, the microstructure 
absorbs homopolymer within the A-rich lamellae caus- 
ing them to swell. At 4 - 0.4, the diblocks form bilayers 
which are well separated by homopolymer. The excep- 
tionally small interaction between bilayers is reflected 
in the nearly linear dependence OffH(4) on 4. Additional 
homopolymer pushes the bilayers further apart, eventu- 
ally leading to a continuous unbinding transition where 
the spacing diverges to infinity, leaving a homopolymer- 
rich DIS phase. For a = 3/2, this occurs at = 0.9785. 
Beyond this point, f ~ ( 4 )  deviates from its nearly linear 
dependence on 4. 

The dotted line in Figure l a  tangent to f ~ ( 4 )  in the 
region of highly swollen lamellae can be interpreted as 
the free energy of noninteracting bilayers. For 4 - 0.07, 
fH(4) drops significantly below this tangent, signifymg 
attractive interactions between the bilayers. This at- 
traction produces a region of negative curvature in fH- 
(41, implying that the system will macrophase separate. 
The double-tangent construction locates the binodal 
points at 4 = 0.0702 and 0.9792. Since the unbinding 
transition falls within this interval, it is prevented by 
the phase separation. The same is true for a = 1, but 
there the attractive interaction is much smaller, and 
consequently, the negative curvature in the free energy 
curve is too small to see on the scale of Figure 2a. For 
that reason, we omit the double-tangent construction 
and just mark the binodal points with dots. For a = 
V 3 ,  the bilayers interact repulsively, and thus, a nega- 
tive curvature in fH(4) does not occur and neither does 
phase separation. Here, the L and DIS phases are 
separated by the unbinding transition at 4 = 0.9591. 

In Figure 3b, the unbinding transition extends from 
XN = 18.58 down to 8.03. The weak-segregation limit 
of this line is denoted with a diamond. As this point is 
approached from above in the region of highly swollen 
lamellae, the amplitude of the A-monomer profile across 
a bilayer becomes zero. Although the lamellar structure 
becomes weakly segregated, it may still require a large 
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Figure 4. Diblock copolymerhomopolymer phase diagram at 
xN = 10 and equal polymerization indices (a = 1) plotted in 
terms of the homopolymer volume fraction q5 and the A- 
monomer fraction of the diblock f. For clarity, only the largest 
biphasic region is labeled. 

number of basis functions to represent the profile 
accurately. This is because the period of the phase can 
be much greater than the width of the bilayer, producing 
a profile which is far from sinusoidal. For this reason, 
the unbinding transition would be missed using the 
single-harmonic approximation in refs 34 and 42. We 
speculate that this is why those references find first- 
order transitions from one lamellar phase to a second 
more swollen one, and that, in reality, the lamellar 
phase swells continuously. 

It is important to  realize that the stability of the 
highly swollen lamellar phase is a consequence of the 
mean-field approximation. Often fluctuations can be 
ignored in copolymer melts if N is sufficiently large and 
one is not too close to a mean-field critical point,43 but 
here this is not so. Even for XN x 18 and a = 2/3, the 
addition of homopolymer eventually will lead to such 
weakly ordered bilayers that fluctuations will disorder 
them, forming a lamellar micellar region prior to  the 
calculated unbinding t ran~i t i0n. l~ (Because free edges 
are energetically unfavorable, we expect these mi- 
celles to form closed vesicles.25) The micellar reg- 
ion thermodynamically will become part of the DIS 

and the calculated unbinding transition roughly 
will correspond to the critical micelle concentration 
(CMC)15J7,26,27 where the population of micelles becomes 
negligible. Because the order-disorder transition be- 
tween the L phase and the micellar region will be first 
order,13J5J7,44 they will be separated by a small coexist- 
ence region. As we discuss below, the unbinding of 
other microstructures also will produce micellar regions, 
but with different structures. 

We now calculate slices through the phase diagram 
at constant XN and a. Because we examine all values 
o f f  including highly asymmetric diblocks, it is unrea- 
sonable to limit our consideration of ordered phases to 
only the lamellar microstructure. For these slices, we 
consider all the phases discussed in the Introduction. 
Because of the complexity of some microstructures and 
high degrees of swelling by the homopolymer, we restrict 
this study to the weak-segregation regime. Figures 4-6 
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" l l l a l " l " " l " ' ~  

0 0.2 0.4 0.6 0.8 1 
0 

Figure 6. Diblock copolymerhomopolymer phase diagram 
analogous to that in Figure 4, but at xN = 11. 
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\I ' HPL 
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" ~ ' " " " " ' ' ' ~ '  

0 0.2 0.4 0.6 0.8 1 
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Figure 6. Diblock copolymerhomopolymer phase diagram 
analogous to that in Figure 4, but at xN = 12. 

show the evolution of the phase diagram with increasing 
xN. Alternatively, the slices in Figures 5,7, and 8 show 
the progression of the phase diagram as a decreases at 
fixed xN. In these figures, we have labeled all the 
single-phase regions. The biphasic regions separating 
them are, generally, not labeled and in many cases are 
too small to be resolved on the scale of the plots. 

Each slice of the phase diagram possesses regions of 
stability for the classical phases, lamellae (L), hexago- 
nally packed cylinders (HI, and spheres on a body-center 
cubic lattice ( Q m ~ m ) .  We find that a sufficient amount 
of homopolymer added to  the matrix of the last phase 
causes the spheres to reorder into a close-packed ar- 
rangement, the CPS phase. Such a transition is also 
predicted for strongly segregated melts.13 As in the pure 
diblock melt, the Quad phase is found to be stable 
between the L and H  microstructure^.^^ Here, the 
addition of homopolymer to the matrix of the f&& phase 
transforms it to the HPL phase. In the other case, when 
homopolymer is added to  the minority-component lat- 
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Figure 7. Diblock copolymerhomopolymer phase diagram at 
XN = 11 similar to that in Figure 5, but for blends where the 
homopolymer has a polymerization index greater than that of 
the diblock (a  = 3/2). 

XN = 11.0 
a = 0.67 

DIS 
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f 0.5 

0 0.2 0.6 0.8 1 

0.4 0 
Figure 8. Diblock copolymerhomopolymer phase diagram at 
XN = 11 similar to that in Figure 5, but for blends where the 
homopolymer has a polymerization index less than that of the 
diblock ( a  = V 3 ) .  

tices of the Qasd phase, it can result in a transition to 
the Q n s m  phase provided the homopolymer has a 
sufficiently low molecular weight (see Figure 8). 

In Figure 7 (a = 3/2), the stability of the Q n s m  phase 
is closest at the DIS + L + Qusd triple point. As a 
decreases, its instability is reduced, eventually produc- 
ing a DIS + L + Qaad + Qnsm four-phase point at a = 
0.99. For a = 2/3, we find a substantial region of 
stability for the Q n s m  phase. In Figure 8, we could 
accurately calculate its phase boundaries only near the 
H phase. The reason is that it becomes difficult to 
determine the equilibrium homopolymer concentration, 
4, in the two bicontinuous cubic phases at the necessary 
chemical potentials, p. It was still possible to  get 
accurate values for the free energy, and so we could be 
confident that the Qnsm phase completely separates the 

0.4 

0.2 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

z/D 
Figure 9. A-monomer profiles in the lamellar phase at ,yN = 
12, f =  0.45, and 4 = 0.20 plotted over one period starting from 
the center of a B-rich lamella. Copolymer and homopolymer 
contributions, &A and &A, respectively, are shown separately. 
The solid lines correspond to a = 1 and the dashed lines to a 
= 114. 

Qu& phase from coexisting with the DIS phase, as 
indicated by the dashed lines in Figure 8. Notably, this 
is the situation that occurs in lipidwater systems.lS2 

For the CPS phase, we have not specified which close- 
packed arrangement, face-centered cubic (fcc) or hex- 
agonally close-packed (hcp), is favored. This is because 
we find the two of them to be essentially degenerate in 
free energy. In the cases where we could distinguish 
the more stable arrangement, it was the hcp one and 
the energy difference, N(AF)IkBT@V, was on the order 
of lo+. Likewise, we have not indicated the packing 
arrangement of the perforated layers in the HPL phase. 
We examined the sequences, abab ... and abcabc ..., and 
found that the two of them are nearly degenerate in free 
energy. When we can resolve the energy difference, we 
find that the abab ... stacking is favored. For both the 
CPS and HPL phases, we expect these energy dif- 
ferences to be insignificant in comparison to  nonequi- 
librium effects and suspect that in real blends the 
stackings will be random. Because ref 21 did not 
consider this possibility, some doubt exists regarding 
their claim of bcc spheres at large 4. Likewise, such 
considerations were not explored in ref 17 where a 
simple cubic (sc) arrangement of spheres was suggested. 

Except for the diagram in Figure 4, all the phase 
diagrams show highly swollen microstructures which 
unbind continuously upon approaching the DIS phase. 
As discussed above, these regions will be unstable with 
respect to fluctuations leading to various micellar 
regions. The swollen L, H, and CPS phases should 
disorder into lamellar, cylindrical, and spherical mi- 
celles, respectively. Semenov13 has suggested that the 
H phase should disorder in two steps, forming a nematic 
phase prior to the cylindrical micellar region. An 
analogous sequence could occur for the L phase. Ear- 
lier,14 we suggested that the HPL phase would disorder 
into disordered struts with most vertices being 3-fold 
coordinated. Both the HPL phase and the disordered 
struts have been observed by Disko et aZ.29 in diblocW 
homopolymer blends and Hashimoto et aL30 in starblock/ 
homopolymer blends. Han et present a micrograph 
of a triblockhomopolymer blend which resembles dis- 
ordered struts. 

As we will demonstrate below, the various effects of 
adding homopolymer to an ordered diblock melt can be 
explained by understanding how homopolymer is dis- 
tributed within the microstructure. For illustration 
purposes, we consider the lamellar phase. Figure 9 
shows the density of A monomers over a complete period 
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at XN = 12, f = 0.45, and 4 = 0.20. The contributions 
due to the homopolymer qhdr), and due to  the copoly- 
mer 4&), are shown separately. The solid lines 
correspond to a = 1 and the dashed lines are for a = 
V4. In both cases, the A homopolymer is concentrated 
toward the center of the A-rich lamellae. The tension 
in the diblocks coupled with the localization of their 
junctions to the interface pulls their A monomers toward 
the interface, expelling the homopolymer toward the 
center of the lamellae. This is countered by the entropy 
of mixing which favors a uniform distribution of ho- 
mopolymer. This entropic effect is enhanced by a lower 
molecular weight of the h~mopolymer,~~ and that is why 
#u(r) has a broader distribution for a = l/4 than for a 

In Figure 9, the high-weight homopolymer (a = 1) 
forms a well-defined A-rich layer near the middle of the 
lamella. This layer will produce a field that tends to 
enhance the order in the adjacent diblock layers, and 
thus, it increases the degree of segregation. This is how 
homopolymer manages to  induce order in disordered 
diblock melts at XN = 10 (see Figure 4). Alternatively, 
low-weight homopolymer (a < l/4) tends to disorder a 
m i c r o s t r ~ c t u r e . ~ ~ , ~ ~  This is because small homopoly- 
mers tend to  distribute uniformly throughout the melt. 
Their nearly uniform distribution of A monomers, &&), 
will produce a field with little spatial variation and thus 
with little tendency to induce segregation. They will 
instead dilute the copolymer concentration, effectly 
reducing x just as a neutral solvent does, Le., the 
“dilution” appr~ximation.~’ 

Above, it was mentioned that large homopolymers 
lead to attractive interactions between micelles whereas 
small homopolymers lead t o  repulsive interactions. l3 
Now we explain why this is so. Large homopolymers 
are relatively impenetrable to the corona of a micelle, 
and thus, the homopolymers see them as hard objects 
which restrict their configurational freedom. Conse- 
quently, the homopolymers tend to phase separate from 
the matrix between the micelles, reducing the spacing 
and producing an apparent attraction between micelles. 
On the other hand, considerable entropy of mixing is 
gained when small homopolymers pentrate the corona 
of a micelle. When the spacing between micelles 
increases, they overlap less, allowing more homopolymer 
in the corona and, therefore, increasing the entropy of 
mixing. This mechanism behaves equivalently to a 
repulsion between mi~e1les.l~ 

The entropy that drives the homopolymer from the 
middle of A-rich domains toward the interfaces is 
responsible for microstructural transitions that occur 
as 4 increases.21 In order to provide room for the 
homopolymer among the A blocks of the copolymer, the 
system makes a transition to a structure in which the 
interface is curved more toward the B-rich domains. One 
will notice that this is the same trend that occurs as f, 
the volume fraction of the A block, increases. Noticing 
this trend experimentally, refs 18 and 31 have cor- 
related microstructure with the overall A-monomer 
volume fraction. Such an assumption is incorrect, 
because the mechanisms which drive the transitions as 
a result of increasing f and 4 are quite different. 
Because the latter mechanism, which occurs when 4 
increases, originates from the entropy of mixing ho- 
mopolymer with copolymer, it will be strongly influenced 
by a22 and will become less important as the segregation 
increases. 
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Figure 10. (a) Dimensionless lamellar spacing, A = D/uiV2,  
for an f = 0.45 diblock at xlv = 12 as four different homopoly- 
mers are added. Dimensionless widths of the A-rich lamellae 
AA and of the B-rich lamellae AB are shown in (b) and (c), 
respectively. 

Even when the tendency of the homopolymer to 
penetrate regions occupied by A blocks of the copolymer 
does not lead to a phase transition, it can, nevertheless, 
produce measurable effects on the dimensions of the 
microstructure. This occurs because the homopolymer 
spreads the copolymer molecules apart, increasing the 
interfacial area per copolymer. This, in turn, allows the 
B blocks of the copolymer to  relax and the width of the 
B-rich domains to contract. For the lamellar phase, this 
effect has been carefully studied experimentally by 
Winey et aL20 Our theoretical results reproduce much 
of the behavior they observed. First, in Figure loa, we 
show the dimensionless period, A D/aIP2 ,  of the 
lamellar phase as homopolymer of various weights is 
added to a diblock melt. As found in experiment, when 
the molecular weight of the homopolymer is only 
somewhat less than that of the diblock, the period 
increases. However, low-weight homopolymer can cause 
the period to  contract. A similar contraction has also 
been observed in triblockhomopolymer blends.48 To 
understand what is happening, we decompose A into 
the dimensionless widths of the individual A- and B-rich 
lamellae, AA and AB, respectively. (For this calculation, 
we have defined the interfaces to occur at the inflection 
points in @A(z), Le., where its second derivative is zero.) 
The trends in AA and AB agree with the experimental 
results and are easily understood. A low-weight ho- 
mopolymer has a high entropy of mixing and thus favors 
a broader distribution, as illustrated in Figure 9. 
Hence, it increases the interfacial area more than a 
high-weight homopolymer, producing a greater contrac- 
tion in the B-rich lamellae. The lowest-weight ho- 
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Figure 11. (a) Unit cell of the hexagonal phase showing the 
path 0 - P - Q - 0. Along this path, the copolymer and 
homopolymer contributions to the A-monomer density, &(r) 
and &(I), respectively, are plotted for (b) xlv = 12, a = 1, f =  
0.59, and C#J = 0.20 and for (c) xN = 12, a = 1, f =  0.39, and 4 
= 0.05. 

mopolymer (a = l/s) has a distribution that is nearly 
uniform. As discussed above, this reduces the segrega- 
tion in the melt and, in turn, causes the overall period 
to  decrease. At q!I - 0.2, it even begins to disorder the 
melt, causing q!IA(r) to become sinusoidal and thus AA 
and Ag to become equal. 

The behavior discussed above is not unique to the 
lamellar phase but also occurs in other morpholo- 
gies.21,22 However, there is one effect expected for all 
the morphologies other than the lamellar one. The 
homopolymer will relieve some of the packing frustra- 
tion that occurs from trying to fill space with units 
which prefer to be, for instance, cylindrical or spherical. 
Since flat layers can fill space, such frustration will not 
occur in the L phase. In the H phase, circular cylindri- 
cal units pack in a triangular lattice so as to efficiently 
fill space, but nevertheless, they cannot completely fill 
it. Without homopolymer, this must be done by deform- 
ing the units into the shape of a hexagon, but with 
homopolymer this is not necessary, as the homopolymer 
can fill the voids. In Figure l l a  we show a hexagonal 
unit cell from the H phase. We have labeled three 
points in the cell. Point 0 is along the central axis of a 
cylinder, P is at the midpoint between two cylinders, 
and Q is in the middle of the region that causes the 
packing frustration. When homopolymer is added to the 
majority-component matrix, it tends to locate at Q so 
as to relieve the packing frustration imposed on the 
copolymer (see Figure l lb) .  

It is also informative to show what happens when 
homopolymer is added to the minority-component of the 
H phase (see Figure l l c ) .  Here the homopolymer 
accumulates along the axis of the cylinder, swelling its 
radius and reducing the curvature of the interface. The 

analogous behavior will occur in the Qmsm and CPS 
phases where the basic unit prefers to be a sphere. In 
this way, the homopolymer makes the H, Qrngm, and 
CPS phases accessible to  the more symmetric copoly- 
mers. This counters the previous trend that results 
from the entropy of mixing. In the strong-segregation 
limit, where the latter effect becomes negligible, adding 
homopolymer to a minority component can drive the 
system to a microstructure with more curvature, i e . ,  
cylinders to spheres, or lamellae to ~y1inders.l~ 

Although it is less clear where packing frustration 
occurs in the other more complex structures, presum- 
ably, the homopolymer reduces that stress in the same 
manner as for the H phase. Clearly, this is important 
between the L and H phases, where the more compli- 
cated structures compete for stability. We believe that 
it is this effect that brings about the two new equilib- 
rium morphologies, the HPL and Qnsm phases. 

4. Summary 
We have calculated the effect of blending A homopoly- 

mer with AB diblock copolymer. Our study has focused 
on weakly segregated blends. We first examined the 
phase coexistence between a diblock-rich microstructure 
and a homopolymer-rich disordered phase. There, we 
focused on a single diblock (f= 0.45) and restricted our 
attention to the lamellar microstructure. In our study, 
we found that the addition of high-weight homopolymer 
leads to macrophase separation between a diblock-rich 
lamellar phase and a homopolymer-rich disordered 
phase. This macrophase separation was attributed to 
an attractive interaction between diblock bilayers. 
However, low-weight homopolymer produced a repulsive 
interaction between bilayers, resulting in an entirely 
different behavior. Here, homopolymer could be added 
to  the lamellar phase indefinitely without producing 
macrophase separation. Instead, the lamellar spacing 
diverged, leading to a continuous unbinding transition. 

The highly swollen A-rich domains also occur in other 
microstructures. However, these regions are an artifact 
of the mean-field approximation because fluctuations 
would disorder the weakly bound superstructures, 
producing a fluctuation-induced order-disorder transi- 
tion. We associate the disordered superstructures with 
the micellar regions present in real systems. The L, H, 
and CPS structures are expected to  produce lamellar, 
cylindrical, and spherical micelles, respectively. We 
speculate that the HPL phase would produce disordered 
struts with most vertices being 3-fold coordinated. Each 
micellar region will become part of the disordered phase 
and the boundaries we calculated between them will no 
longer be true phase transitions. Still, these transitions 
can be used t o  delineate the different micellar regions. 
The unbinding transition is associated with a CMC line. 

Within the A-rich domains of a microstructure, the 
A blocks of the copolymer are concentrated near the 
interface while the A homopolymer is preferentially 
located in the central region. Tension in the A blocks 
tends to push the homopolymer toward the middle of 
the A-rich domains, but this is countered by the entropy 
of mixing which favors a more uniform distribution of 
homopolymer. This latter effect is enhanced by lowering 
the molecular weight of the homopolymer. To allow 
homopolymer near the interface, the microstructure 
may undergo a phase transition to a geometry where 
the interface is curved less toward the A-rich domain. 
Even without a phase transition, homopolymer pen- 
etrates toward the interface by spreading apart the 
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diblocks and hence increasing the interfacial area. This 
has the interesting effect of allowing the B blocks to 
contract, thus reducing the thickness of the B-rich 
domains. 

Perhaps the most important result in this study is 
that the homopolymer stabilizes new morphologies. 
These include the double-diamond, hexagonally-perfo- 
rated lamellar, and close-packed spherical phases. We 
attribute this to the relief of packing frustration by the 
homopolymer. This effect may also stabilize other 
phases not considered in the present study. Because 
there is an endless number of possible structures, it is 
impossible to systematically consider them all. Experi- 
mental studies will be essential in determining whether 
additional structures occur in the diblockhomopolymer 
system. 
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