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ABSTRACT: The phase diagrams for a binary mixture of symmetric polystyrene-block-poly(n-butyl methacrylate)
copolymer (PS-b-PnBMA) exhibiting lower disorder-to-order transition (LDOT) and PS homopolymer and a
binary mixture of PS-b-PnBMA and PnBMA homopolymer were investigated by using polarizing optical
microscopy, turbidity measurement, small-angle X-ray scattering, rheology, and transmission electron microscopy.
Emphasis was placed on the effect of the molecular weight of homopolymers on the phase behavior of the mixtures.
We found that when the molecular weight of a homopolymer was smaller than the half of molecular weight of
the corresponding block, LDOT of the mixture increased (thus miscibility was enhanced). However, the changes
of microdomains for the mixtures containing PS homopolymer are different from those for the mixtures containing
PnBMA homopolymer, especially when the molecular weight of homopolymer becomes large. For instance, for
the mixture of PS-b-PnBMA and PnBMA with a molecular weight of 65000, lamellar microdomains structure
was destroyed even at the addition of 20 wt % of PnBMA homopolymer. On the other hand, for the mixture of
PS-b-PnBMA and PS with a molecular weight 68000, the lamellar microdomain structure was maintained up to
40% of PS homopolymer. The phase diagrams of the mixtures were compared with predictions developed based
on the compressible random phase approximation.

1. Introduction

The phase behavior of a binary mixture consisting of a block
copolymer and a homopolymer has been extensively studied
experimentally1-26 and theoretically.27-32 The most important
parameter in determining phase behavior of the mixtures is the
molecular weight ratio of a homopolymer to the corresponding
block component in a block copolymer. For small molecular
weights of homopolymers, these are easily dissolved in the
microphase-separated structure of block copolymer. When the
molecular weight of a homopolymer is much greater than that
of the corresponding block, macrophase separation occurs.

All the block copolymers employed in the literature1-26 to
investigate the phase behavior of binary mixtures exhibit the
order-to-disordered transition (ODT); thus, a homogeneous state
of the mixture could be obtained upon heating. However, some
block copolymers exhibit lower disorder-to-order transition
(LDOT) upon heating.33-39 The driving force for the LDOT is
of entropic origin,40 thus driven either by disparity in compress-
ibility or by directional interactions, which is quite different
from that for the ODT. However, to the best of our knowledge,
the phase diagram of a binary mixture of a block copolymer
with LDOT and a homopolymer has not been studied experi-
mentally or theoretically.

In this paper, we first present experimentally determined
phase diagrams of a binary mixture of polystyrene-block-poly-
(n-butyl methacrylate) copolymer (PS-b-PnBMA) and PS homo-
polymer as well as a binary mixture of PS-b-PnBMA and

PnBMA homopolymer by using polarized optical microscopy
(POM), turbidity measurement, small-angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM). It is noted
that PS-b-PnBMA exhibited LDOT phase behavior.33-35,37-39

The emphasis is placed upon the effect of the molecular weight
of homopolymers on phase behavior of binary mixtures. Then,
the phase diagrams of the mixtures are compared with predic-
tions developed based on the compressible mean field theory
developed by one of us.41-45

2. Experimental Section

2.1. Materials and Sample Preparation.PS-b-PnBMA having
a number-average molecular weight (Mn) of 67000 g/mol and a
polydispersity index (Mw/Mn in which Mw is the weight-average
molecular weight) of 1.04 was synthesized by the sequential anionic
polymerization of styrene andn-butyl methacrylate in tetrahydro-
furan containing dried LiCl at-78 °C under purified Ar using a
sec-BuLi initiator.39 The volume fraction of PS block in PS-b-
PnBMA was 0.5, determined from1H nuclear magnetic resonance
spectroscopy. PS and PnBMA homopolymers with various molec-
ular weights were purchased from Aldrich Chemical Co. The
molecular characteristics of PS-b-PnBMA and PS and PnBMA
homopolymers employed in this study are given in Table 1. Various
compositions of binary mixtures consisting of PS-b-PnBMA and
PS homopolymers as well as consisting of PS-b-PnBMA and
PnBMA homopolymers were prepared by dissolving a predeter-
mined amount of the mixtures in toluene (10 wt % in solute) and
slowly evaporating solvent over 2 weeks at room temperature. Each
specimen was annealed at 120°C for 48 h.

2.2. Polarized Optical Microscopy.A polarized optical micro-
scope (POM; Zeiss Co.) with CCD camera was used to find whether
a sample at a given temperature was in an ordered state. When a
specimen is in an ordered state having lamellar or cylindrical
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microdomains, it shows distinct birefringence in the POM image,
whereas no birefringence is observed in a disordered sample.46 Since
the absence of birefringence could also be observed for ordered
structures with spherical or double gyroid microdomains, TEM and
SAXS experiments were carried out additionally. The sample for
POM was prepared by solution-casting (10 wt % in toluene) onto
a cover glass and annealed at 120°C for 4 h under a nitrogen
environment to remove residual solvent.

2.3. Turbidity Experiment. Various compositions of the mix-
tures for the turbidity temperature (Tb) measurements were prepared
by dissolving a predetermined amount of the mixtures in toluene
(10 wt % in solute) and slowly evaporating solvent over 8 h at
room temperature. Sample thickness was∼10 µm. Each specimen
was annealed at 120°C for 4 h. The Tb of each blend was
determined by optical microscopy (OM, Axioplan, Zeiss Co.) using
a heating block blanketed in nitrogen. TheTb of a specimen was
estimated by the threshold temperature above which phase-separated
structures were clearly seen under the OM at a heating rate of
1.5 °C/h.

2.4. Small-Angle X-ray Scattering (SAXS).SAXS profiles (I(q)
vs q()4π sin θ /λ), in which q is the scattering vector and 2θ is
the scattering angle) were obtained at the 4C1 and 4C2 beamlines
at the Pohang Light Source (PLS), Korea.47 A 2-D CCD camera
(Princeton Instruments Ins., SCX-TE/CCD-1242) was used to
collect the scattered X-rays. The sample thickness was 1 mm and
sample-to-detector distance was 2.4 m. The exposure time was 10
min.

2.5. Rheological Experiment.Temperature sweep of storage
and loss moduli (G′ and G′′) was performed under isochronal con-
dition upon heating at a rate of 0.5°C/min with an Advanced
Rheometrics Expansion System (ARES) with parallel plate of
25 mm diameter. Before the experiment, the thermal history of the
samples was completely removed by annealing the sample at
homogeneous state of 120°C for 4 h. The strain amplitude and the
angular frequency were 0.05 and 0.1 rad/s, respectively, which lie
in linear viscoelasticity.

2.6. Transmission Electron Microscopy.The microdomain
structures of the mixtures were investigated with a transmission
electron microscope (TEM; Hitachi-7600) operating at 80 kV.
Microtoming was performed with an RMC (MT-7000) microtomer
with a diamond knife at room temperature after epoxy embedding.
The specimens were stained with ruthenium tetroxide (RuO4) for
20 min at room temperature, which selectively stained the PS
microdomain.

3. Results and Discussion

Figure 1 shows temporal changes of G′ and G′′ of neat PS-
b-PnBMA. G′ and G′′ show rapid increase near 160°C, which
is referred to as a disorder-to-order transition (LDOT) temper-
ature. It is known that G′ precipitously decreases at an ODT
temperature upon heating for block copolymers with lamellar
or cylindrical microdomains.48-50 Insets in Figure 1 are POM
images for neat PS-b-PnBMA at 160 and 161°C, from which
the birefringence was first detected at 161°C.

Figure 2a shows SAXS profiles (I(q) vs q) at various
temperatures for neat PS-b-PnBMA. Even though a synchrotron
source of X-ray with a relatively longer exposure time (10 min)
was used, we could not find higher-order peaks, because of the

small electron density difference between PS and PnBMA
blocks. With increasing temperature, bothI(q) and the domain
spacing (D ) 2π/q*, in which q* is the maximum peak position)
increased steadily. This indicates that the segregation power
between two blocks increases with increasing temperature,
which results from the characteristic of the LDOT type phase
behavior. Parts b and c of Figure 2 give plots of 1/I(q*) and D
vs 1/T, respectively, from which LDOT of neat PS-b-PnBMA
is determined to be 162°C. From the results given in Figures
1 and 2, LDOT determined by POM is in good agreement with
that determined by SAXS and rheology. Hereafter, the LDOT
of the mixtures of PS-b-PnBMA and homopolymers is mainly
determined by POM, as long as a mixture exhibits either lamellar
or cylindrical microdomain.

Figure 3 gives POM images of 80/20 (w/w) PS-b-PnBMA/
PS-13 mixture (a and b) and 80/20 (w/w) PS-b-PnBMA/PS-68
mixture (c and d) at two different temperatures, from which
the LDOT for these two mixtures are determined to be 216 and
152 °C, respectively. Figure 4 gives phase diagrams of the
mixtures of PS-b-PnBMA/PS with four different molecular
weights (PS-2, PS-13, PS-20, and PS-68). Here, M and H
represent microphase separated and homogeneous state, respec-
tively. L is the macrophase-separated homopolymer. The
boundary between M and H (thus, LDOT), given in closed
rectangles, was determined by using POM and SAXS. The
macrophase-separated state (M+ L) was determined by cloud
point measurement, and shown as closed circles. It is seen in
Figure 4 that at smaller molecular weight of PS homopolymer
(PS-2) which is much smaller than that of PS block in PS-b-
PnBMA, LDOT increased rapidly with increasing amount of
PS homopolymer; thus the miscibility was greatly enhanced.
For instance, the LDOT increased more than 40°C with the
addition of 10 wt % of PS-2. With increasing molecular weight,
the M region becomes expanded, but at higher temperatures
the macrophase-separation was observed for almost all composi-

Table 1. Molecular Characteristics of the Polymers Used in This Study

symbol description Mn Mw

PS-b-PnBMA polystyrene-b-poly(n-butyl methacrylate) copolymer 67 000 69 000
PS-2 PS homopolymer 2000 2100
PS-13 PS homopolymer 12 600 13 100
PS-20 PS homopolymer 20 000 20 800
PS-68 PS homopolymer 68 000 71 000
PnBMA-11 PnBMA homopolymer 10 500 12 700
PnBMA-24 PnBMA homopolymer 23 500 25 000
PnBMA-65 PnBMA homopolymer 65 000 68 000

Figure 1. Temperature sweeps of G′ and G′′ of neat PS-b-PnBMA.
Insets are POM images at two temperatures (160 and 161°C).
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tions. At a higher molecular weight of PS (PS-68), with increas-
ing temperature, LDOT decreased slightly at smaller amounts,
but it increased again with increasing amounts of PS-68. In this
situation, the macrophase separated regions were extended even
at lower temperatures.

Figure 5 gives phase diagrams of the mixtures of PS-b-
PnBMA/PnBMA with three different molecular weights (Pn-
BMA-11, PnBMA-24, and PnBMA-65). Overall phase behav-
iors of these mixtures are similar to those for mixtures of PS-
b-PnBMA/PS. However, the M region for mixture of a PS-b-
PnBMA/PnBMA-11 is slightly expanded compared with mixture
of the PS-b-PnBMA/PS-13, even though the molecular weight
of PnBMA-11 is slightly less than that of PS-13.

The microdomains of mixtures change greatly with the addi-
tion of high molecular weight homopolymer.5-8 Thus, we
investigated in detail the phase behavior of the mixture of PS-
b-PnBMA/PS-68 by using SAXS and TEM. Figure 6 shows
SAXS profiles at various temperatures for 60/40 (w/w) PS-b-
PnBMA/PS-68 mixture. With increasing temperature, SAXS
intensity was first detected near 168°C (see the inset). This
corresponds to the LDOT of this composition, and this is in
good agreement with the result determined from POM. With
increasing temperature up to 220°C, I(q*) increases steadily.
D of this mixture was∼ 41 nm, which is larger than that of
neat PS-b-PnBMA. Figure 7 gives TEM images for various
compositions of PS-b-PnBMA/PS-20 and PS-b-PnBMA/
PnBMA-24 mixtures annealed at 190°C for 5 days followed
by quenching to room temperature. Neat PS-b-PnBMA exhibited
lamellar microdomains with domain spacing of 28 nm in Fig-
ure 7a, which is consistent with SAXS measurement (see Fig-
ure 2c). The lamellar microdomains were maintained up to the
weight fraction of PS-20 (wPS) of 0.2 (in which the total PS
weight fraction (PS block and PS-20 homopolymer) in the
mixture is 0.6). AswPS increased further (for instance, 60/40
(w/w) PS-b-PnBMA/PS-20), a disordered state (homogeneous
phase) was observed at 190°C. On the other hand, the change
of microdomains with weight fraction of PnBMA homopolymer
for the mixture of PS-b-PnBMA and PnBMA-24 at 190°C was
different from that of the mixture of PS-b-PnBMA and PS-20.
With increasing the weight fraction of PnBMA-24 homopoly-
mer, microdomains of the mixture of PS-b-PnBMA/PnBMA-
24 were transformed from lamellae (Figure 7d for 80/20 (w/w)
PS-b-PnBMA/PnBMA-24) to hexagonally packed cylinders
(Figure 7e for 60/40 (w/w) PS-b-PnBMA/PnBMA-24) and
finally to a disordered state with concentration fluctuation51

(Figure 7f for 40/60 (w/w) PS-b-PnBMA/PnBMA-24). It is
noted that Figure 7e does not correspond to spherical micro-
domains because distinct birefringence was detected.

Figure 8 gives TEM images for various compositions of PS-
b-PnBMA/PS-68 and PS-b-PnBMA/PnBMA-65 mixtures an-
nealed at 190°C for 5 days followed by quenching to room
temperature. The lamellar microdomains were maintained up
to the weight fraction of PS-68 (wPS) of 0.4 (in which the total
PS weight fraction (PS block and PS-68 homopolymer) in this
mixture was 0.7), and the D increased steadily with increasing
wPS. On the other hand, the change of microdomains with weight

Figure 2. (a) SAXS profiles (I(q) vs q) at various temperatures for
neat PS-b-PnBMA. Plots of (b) 1/I(q*) and (c) the domain size (D) vs
1/T.

Figure 3. POM images of 80/20 (w/w) PS-b-PnBMA/PS-13 mixture
(a and b) and 80/20 (w/w) PS-b-PnBMA/PS-68 mixture (c and d) at
two different temperatures.
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fraction of PnBMA homopolymer for the mixture of PS-b-
PnBMA and PnBMA-65 at 190°C was distinctly different from
that of the mixture of PS-b-PnBMA and PS-68. Both 80/20 and
60/40 (w/w) PS-b-PnBMA/PnBMA-65 exhibited ill-defined
microdomains not belonging to lamellae or cylinders. But, a
distinct birefringence was detected for both compositions. The

fact that ill-defined microdomain structure as shown in Figure
8c was found for PS-b-PnBMA/PnBMA-65 mixture but not
observed for PS-b-PnBMA/PS-68 mixture, might be due to the
asymmetric phase behavior nature of neat PS-b-PnBMA.38 As
wPS(or wPnBMA) increased further (for instance, 20/80(w/w) PS-
b-PnBMA/PS-68 and 20/80(w/w) PS-b-PnBMA/PnBMA-65),
macrophase separation occurred at 190°C. However, we
observed that 20/80(w/w) PS-b-PnBMA/PS-68 mixture at 190
°C looked translucent, whereas 20/80(w/w) PS-b-PnBMA/
PnBMA-65 became very turbid.

Comparing TEM images given in Figure 8 of the mixtures
with PS-68 and PnBMA-65, we consider that the effect of
PnBMA homopolymer on the phase behavior of the mixtures
is quite different from that of PS homopolymer, even though
both homopolymers have very similar molecular weight. This
suggests that the free volume effect arising from the disparity
of the isothermal compressibility (κ) should be an important
parameter in determining the phase behavior of a mixture with

Figure 4. Phase diagrams of mixtures of PS-b-PnBMA/PS with four
different molecular weights: (a) PS-2; (b) PS-13; (c) PS-20; (d) PS-
68. Here, M, H, and L represent microphase separation, homogeneous
state, and macrophase-separated PS homopolymer, respectively.

Figure 5. Phase diagrams of mixtures of PS-b-PnBMA/PnBMA with
three different molecular weights: (a) PnBMA-11; (b) PnBMA-24; (c)
PnBMA-65. Here, M, H, and L represent microphase separation,
homogeneous state, and macrophase-separated homopolymer, respec-
tively.
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a block copolymer exhibiting LDOT. It is noted that the value
of κ (5.1× 10-5 (1/bar)) at 159.3°C of PnBMA is larger than
that (4.0× 10-5 (1/bar)) of PS homopolymer.52

Figure 9 gives LDOT changes with the amount of PS and
PnBMA homopolymers in the mixtures of PS-b-PnBMA/PS
(Figure 9a) and PS-b-PnBMA/PnBMA (Figure 9b) as a function
of molecular weight. The LDOT of the mixtures at smaller
volume fractions of PS homopolymer (∼0.1) increased with
increasing amount of PS homopolymer when the molecular
weight of PS homopolymer (MH, PS) was less than 13000. To
obtain the volume fraction, the constant specific volumes (in
cm3/g) of PS (0.952) and PnBMA (0.957) were used. Previously,
Leibler and Benoit27 and Noolandi and co-workers28,29predicted
that when the molecular weight of a homopolymer is less than
one-quarter of the total molecular weight of a symmetric block
copolymer, the ODT decreases with increasing volume fraction
of the homopolymer. Thus, this prediction might be valid for
the mixture of a block copolymer with LDOT and a homopoly-
mer, although the transition mechanism of LDOT is quite
different from that of ODT. At MH, PS greater than 20000, the
LDOT decreased initially with increasing amount of PS homo-
polymer. For the mixtures of PS-b-PnBMA/PnBMA, the general
trend of the change of LDOT with molecular weight of PnBMA
homopolymer is similar to that for the mixtures of PS-b-
PnBMA/PS. However, at a given amount of the homopolymer,
the increase of LDOT of a mixture of PS-b-PnBMA/PnBMA
is smaller than that of PS-b-PnBMA/PS. Specifically, the LDOT
of the PS-b-PnBMA/PS-13 mixture are always higher than that
of the PS-b-PnBMA/PnBMA-11 mixture at a given volume
fraction of the homopolymer. On the other hand, it is reported
that at a given homopolymer volume fraction, the change of
ODT for mixtures of a symmetric block copolymer (A-b-B)
and homopolymer A would be very similar to that for a mixture
of A-b-B and homopolymer B, as long as the molecular weight
of homopolymer A is similar to that of homopolymer B, as a
consequence of the incompressible random-phase approximation
(RPA) theory.27-29 We found that the predicted spinodal
temperatures based on the incompressible RPA for the PS-b-
PnBMA/PS-13 mixture are always lower than those for the PS-
b-PnBMA/PnBMA-11 mixture at a given volume fraction of
homopolymer, as demonstrated in the Appendix (see Figure 14).
Thus, this result given in Figure 9 again indicates that an
additional parameter such as the free volume effect (or disparity
of the isothermal compressibility) becomes important in deciding
the LDOT.

Now, we compare experimental results with predictions based
on a recently developed compressible RPA theory41-45 in con-
nection with an off-lattice equation-of-state model by Cho and
Sanchez.58 The detailed calculation procedure by the compress-
ible RPA theory is given in the appendix. For the calculation,
various molecular parameters should be estimated: the self-
interaction parameterεii, the monomer diameterσi, the chain
size Ni for pure polymers of molecular weightMw, and the
parameterεij for cross interaction between different polymers.
Certain directional interactions45 should also be incorporated
in the compressible RPA theory to interpret the phase behavior
of polystyrene-block-poly(n-pentyl methacrylate) copolymer,
which exhibits immiscibility loop.53-57 The same approach is
performed for neat PS-b-PnBMA and binary mixtures with PS
or PnBMA, because PS-b-PnBMA is expected to have inher-
ently similar directional interaction. The cross-contact interaction
parameterεij is identified asεij

ns without directional interaction
but modified by energy incrementδε for directional interaction
with a Boltzmann counting for such contacts. All of those
molecular parameters for the PS/PnBMA system are given in
Appendix B-2.

Figure 10 shows plots of predicted spinodal temperatures for
the mixture of PS-b-PnBMA/PS-68 vs volume fraction of PS-
68. Even though mean-field spinodals do not provide informa-
tion on cloud points or microphase ordered structures, the
depression of LDOT at smaller volume fractions of PS-68 is
satisfactorily predicted. In addition, the asymmetry in the
macrophase separation line toward PS-68 homopolymer is also
observed. These two results are harmonious with Figure 4d.
Other aspects in this figure, such as phase equilibria, are not
considered from the present scattering spinodal calculations.
Figure 11 gives changes of spinodal temperature for microphase
separation with volume fraction of PS homopolymer as a
function of the molecular weight of PS homopolymer. The
general trend of spinodal temperature changes depending on
the molecular weight of PS is in agreement with Figure 9a,
even though the theory gives large decrease in the case of PS-
68.

Figure 12 gives changes of the mean-field micro- and
macroseparation spinodal temperatures for the mixtures of PS-
b-PnBMA/PnBMA-65 with volume fraction of PnBMA-65. The
depression of spinodal temperature is consistent with the results
given in Figure 5c. The changes in spinodal temperature for
microphase separation with the addition of PnBMA homopoly-
mers as a function of the molecular weight of PnBMA
homopolymer are depicted in Figure 13. Comparing Figure 11
with Figure 13, the predicted spinodal temperature for PS-b-
PnBMA/PS-13 mixture is always higher than that for PS-b-
PnBMA/PnBMA-11 mixture at a given volume fraction of the
homopolymers, which is consistent with the results given in
Figure 9. We consider that the addition of the more compressible
PnBMA homopolymer renders the mixture to be more prone
to phase separation, because the disparity in equation-of-state
properties always hampers miscibility. On the other hand, as
we demonstrated in Appendix A, the incompressible RPA theory
could not predict this behavior (see Figure 14). Thus, the free
volume effect (and/or specific interaction) should be incorpo-
rated to predict the phase behavior of a mixture of a block
copolymer with an LDOT and a homopolymer. However, the
experimentally observed LODT of PS-b-PnBMA/PnMA-65
mixture is higher than that of PS-b-PnBMA/PS-68 mixture at a
given volume fraction of homopolymers, especially when the
volume fraction of the homopolymer is larger than∼0.1 (see
Figure 9). This is not consistent with the RPA prediction (see

Figure 6. SAXS profiles of 60/40 (w/w) PS-b-PnBMA/PS-68 mixture
at various temperatures (°C): (a) 140; (b) 150; (c) 160; (d) 170; (e)
180; (f) 190; (g) 200; (h) 210; and (i) 220.
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Figures 11 and 13) that the predicted LODT of the former is
close to (but at least lower than) that of the latter. We consider
that this discrepancy is due to the complex microdomain change
for PS-b-PnBMA/PnBMA-65 blend. For instance, an ill-defined

microdomain was only observed in PnBMA system. Thus, the
spinodal temperature predicted by the compressible RPA would
not predict accurately such microdomain phase boundary when
the molecular weight of PnBMA increases.

Figure 7. TEM images of (a) neat PS-b-PnBMA and various compositions of PS-b-PnBMA/PS-20 and PS-b-PnBMA/PnBMA-24 mixture. (b)
80/20 and (c) 60/40 (w/w) PS-b-PnBMA/PS-20. (d) 80/20, (e) 60/40, and (f) 40/60 (w/w) PS-b-PnBMA/PnBMA-24 mixtures. All samples were
annealed at 190°C for 5 days, followed by quenching to room temperature.

Figure 8. TEM images for various compositions of PS-b-PnBMA/PS-68 (a,b) and PS-b-PnBMA/PnBMA-65 (c,d) mixtures. (a) 80/20 and (b)
60/40 (w/w) PS-b-PnBMA/PS-68; (c) 80/20 and (d) 60/40 (w/w) PS-b-PnBMA/PnBMA-65. All samples were annealed at 190°C for 5 days,
followed by quenching to room temperature.
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Finally, it is noted that the phase behavior of the mixture of
a block copolymer with LDOT and a homopolymer estimated
by the mean-field scattering spinodals should be carefully inter-
preted. A more elaborate Landau analysis with the inclusion of
observed microdomains is needed to explain the complete phase
behavior of the mixture. Furthermore, the concentration fluctua-
tion effects and micellization need to be taken into the
consideration. Concentration fluctuation would be more promi-
nent for A-b-B copolymer compared with A/B blend. The
addition of shorter homopolymers enhances the fluctuation
effect. Also, for a region without microphase separation, the

local concentration fluctuations could induce micellization or
microemulsions. This will deserve a future investigation.
Nonetheless, the mean-field spinodal analysis is still of great
value in exploring the qualitative or semiquantitative phase
behavior of the mixture of a block copolymer with LDOT and
a homopolymer.

Figure 9. Change of (a) LDOT for PS-PnBMA/PS mixtures with
amount of PS homopolymer and (b) LDOT for PS-PnBMA/PnBMA
mixtures with amount of PnBMA homopolymer.

Figure 10. Plots of mean-field spinodal temperatures for microphase
(dotted curve) and macrophase (solid curve) separations for the mixture
of PS-PnBMA and PS-68 vs the volume fraction of PS-68.

Figure 11. Plots of the mean-field spinodal temperatures for mi-
crophase separation for the mixture of PS-b-PnBMA and PS vs volume
fraction of PS homopolymer as a function of the molecular weight of
PS homopolymer.

Figure 12. Plots of mean-field spinodal temperatures for microphase
(dotted curve) and macrophase (solid curve) separations for the mixture
of PS-PnBMA and PnBMA-65 vs the volume fraction of PnBMA-
65.

Figure 13. Plots of the mean-field spinodal temperatures for mi-
crophase separation for the mixture of PS-b-PnBMA and PnBMA vs
volume fraction of PnBMA homopolymer as a function of the molecular
weight of PnBMA homopolymer.
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4. Conclusion

We studied phase behaviors of PS-b-PnBMA/PS mixture and
PS-b-PnBMA/PnBMA mixture depending upon molecular
weight of homopolymer. We found that when the molecular
weight of a homopolymer is smaller than half of the corre-
sponding block, LDOT increases (thus miscibility is enhanced).
This is consistent with the phase behavior found for a mixture
of a block copolymer with ODT. However, the changes of
microdomains for the PS-b-PnBMA/PS mixture are different
from those of a PS-b-PnBMA/PnBMA mixture, when the
molecular weight of homopolymer is large. Namely, for the PS-
b-PnBMA/PnBMA-65 mixture, lamellar microdomain structure
was destroyed with the addition of 20 wt % of PnBMA
homopolymer. On the other hand, for the PS-b-PnBMA/PS-68
mixture, lamellar microdomain structure was maintained for up
to 40% of PS homopolymer. It was shown that the qualitative
aspects in the experimental phase behavior of the copolymer
mixtures are in agreement with the compressible RPA predic-
tions. But, this phase behavior was not predicted by the
incompressible RPA.
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Appendix A. Prediction of the Spinodal Temperature by
the Incompressible RPA for a Binary Mixture of an
A-b-B Copolymer and a Homopolymer A (or B).

According to the incompressible RPA, the structure factor
(S̃(q)) of an A-b-B copolymer and homopolymer A and B is
given by27-29,59-61

in which Sij(q) is given by

whereφC, φHA, and φHB are the volume fractions of A-b-B,
homopolymers A and B, respectively;NC, NHA, andNHB are
the degrees of polymerization (or numbers of statistical seg-
ments) for A-b-B, homopolymers A and B, respectively; andf
is the volume fraction of component A in the A-b-B. Also,
d(f,Ni) is given by

Here, ai is the statistical segment length of componenti
() C, HA, and HB).

Two expressions of the Flory segmental interaction (ø) for
PS-b-PnBMA are available in the literature:35b,37

The spinodal temperatures of microphase-separation of the
mixture of an A-b-B and homopolymers A and B are obtained
from 1/S̃(q*) f 0, in which q* is the positive value at which
S(q)/W(q) becomes the minimum.

Parts a and b of Figure 14 are the spinodal temperatures for
PS-b-PnBMA/PS and PS-b-PnBMA/PnBMA mixtures calcu-
lated from eqs A5 and A6, respectively. It is noted that even
though thex-axis is changed into volume fraction of each
homopolymer, the predicted LDOT is essentially the same due
to similar values of the specific volume of PS (0.952 cm3/g)
and PnBMA(0.957 cm3/g). It seems that the predicted phase
behavior is consistent with the results given in Figure 9, parts
a and b, although the predicted LODT of neat PS-b-PnBMA is
higher than the measured one. However, when we compare the
predicted spinodal temperatures for PS-b-PnBMA/PS-13 mixture
and PS-b-PnBMA/PnBMA-11 mixture, the prediction is oppo-
site to the experimental results. Namely, the predicted spinodal
temperatures for the PS-b-PnBMA/PS-13 mixture are always
lower than those for the PS-b-PnBMA/PnBMA-11 mixture at
a given volume fraction of homopolymer, even though the
difference is small. On the other hand, the measured LDOT for
the former was always higher than those for the latter. Thus,
we consider that incompressible RPA theory could not predict

Figure 14. Predicted spinodal temperatures for PS-b-PnBMA/PS
(solid curves) and PS-b-PnBMA/PnBMA (dotted curves) mixtures
by using two different expressions ofø: (a) from eq A5; (b) from
eq A6.

S̃(q) ) 1/[ S(q)

W(q)
- 2ø] (A1)

S(q) ) SAA(q) + 2SAB(q) + SBB(q) (A2a)

W(q) ) SAA(q) SBB(q) - (SAB(q))2 (A2b)

SAA(q) ) φCNCd(f,NC) + φHANHAd(1,NHA) (A3a)

SAB(q) ) φCNC[d(1,NC) - d(f,NC) - d(1-f,NC)]/2 (A3b)

SBB(q) ) φCNCd(1 - f,NC) + φHBNHBd(1,NHB) (A3c)

d(f,Ni) ) 2[fxi + exp(-fxi) - 1]/xi
2 (A4a)

xi ) Niq
2ai

2/6 (A4b)

ø ) 0.028- 5.8/T from ref 35b (A5)

ø ) 0.024- 4.56/T from ref 37 (A6)

8754 Kim et al. Macromolecules, Vol. 39, No. 25, 2006

CDV



correctly the phase diagram for the mixture consisting of a block
copolymer with LDOT and a homopolymer.

Appendix B. Derivation of the Compressible RPA for a
Binary Mixture of an A- b-B Copolymer and a
Homopolymer A (or B)

B-1. Compressible RPA.An RPA is an approximation meth-
od to calculate the second-order monomer-monomer correlation
functionGij

(2), or equivalentlySij, and higher-order correlation
functionsG(n)’s for the analysis of phase segregation in polymer
blends and block copolymers.62,63Recently, one of us success-
fully combined the RPA with the Cho-Sanchez (CS) equation-
of-state model to analyze compressibility effects.41-45,58,64-65

We consider the mixture of an A-b-B copolymer of sizeN
with a close-packed (hard-core) volume fractionφb and a
homopolymer A of sizeyhN with a close-packed volume fraction
φh. On each copolymer chain,fi indicates a close-packed volume
fraction for i-block, andNi each block size asNi ) fiN. Phase
segregation in the system is characterized by proper order
parameters. A natural choice of order parameters can be given
as the thermal average of the difference between local density
ηi(rb) and global densityηi of i-constituent asψi ≡ 〈ηi(rb) - ηi〉.
The ηA andηB are, respectively, related to the overall density
η asηA ) (φh + φbfA)η andηB ) φbfBη. The Landau expansion
of the free energy is expressed as a series in the order parameter
ψi, where the coefficients in the Landau expansion are called
the vertex functionsΓ(n). Theψi can also be expanded as a series
in Ui, which is conjugate to the order parameterψi. The
coefficients appearing in the series forψi are the correlation
functionsG(n)’s. In estimatingψi, the correlation functionsG(n)

are supposed to be equal to those of noninteracting Gaussian
copolymer chains, which are denoted asG(n)0. The external
potentialUi is then substituted withUi

eff, which is corrected as
Ui

eff ) Ui + Wijψj to properly take the interaction effects into
account by an interaction fieldWij.42,58 The Wij is formulated
from the CS model to include the desired compressibility effects,
and thus includes attractivei,j interactions and excluded volume
interactions. The resultant self-consistent field equation is solved
by an iterative technique to obtain correlation functions. The
correlation functions then yield the vertex functions. The second-
order vertex function is related to energetic terms as41-45,58,64-65

wherek is the Boltzmann’s constant,T is the absolute temper-
ature, andSij

0 is the Gaussian correlation function for the mixture
of an A-b-B copolymers with homopolymer A as

The two functions,d(x,fi) andg(x,fi), are given asd(x,fi) ) 2(fix
+ e-fix - 1)/x2 andg(x,fi) ) (1 - e-fix)/x, respectively, where
x ()q2Rg

2) implies the dimensionless square of wave number
with the gyration radiusRg of the copolymer. The symbolδij

indicates the Kroneckerδ. The overall densityη in the Gaussian
functions corrects the diluted contact probabilities by the
presence of free volume. The third or higher-order vertex
functions are purely entropic and not involved in energetics.

The CS free energy is given asF0 ) F0
id + F0

EV + Unb. The
F0

id represents the ideal free energy of the noninteracting
Gaussian chain system. TheF0

EV andUnb stand for the contri-
bution to the free energy from the excluded volume effects and
the attractive interactions between nonbonded monomers,

respectively. TheWij is formulated as the second-order derivative
of the nonideal part of the CS free energy per system volume
V with respect toηi’s as41-45,58,64-65

where â ) 1/kT and V* ( ) πσ3/6) implies the volume of
monomers having a diameterσ. The contributions fromF0

EV

and Unb in eq B3 are, respectively, denoted asLij/V* and [-
âεij

app]/V*, where these two in the high molecular weight limit
are properly written as follows:

and

In eq B5,hzεij denotes the characteristici,j-interaction parameter
andu(η) ) (γ/C)4η4 - (γ/C)2η2, with γ ) 1/x2 andC ) π/6,
describes the density dependence of attractive nonbonded
interactions. The numeric prefactorfp associated withu(η) is
simply fp ) 4.

In many cases, it is more convenient to use the order
parametersψh 1 (≡ 〈ηA(rb) - ηA〉/2η - 〈ηB(rb) - ηB〉/2η) andψh 2

()ψA + ψB) instead of the originalψi. Here,ψh 1 represents the
fluctuations in either A or B density, and- ψh 2 the fluctuations
in free volume fraction. The vertex functionΓ(n) in the Landau
expansion of the free energy inψi is then replaced with the
proper vertex functionΓh (n). It should be noted that the sub-
scripts inΓh (n) take 1 and 2, which, respectively, indicateψh 1

andψh 2, not the constituents. The second-order vertex functions
Γh (2)’s are only written here as42-45,64-65

It was shown thatΓh12
(2) ∝ (εAA - εBB) for a symmetric diblock

copolymer. Even for asymmetric copolymers,Γh12
(2) is dominated

by the term with (εAA - εBB), as 1/Sij
0 ∼ O(1/N) and LAA ≈

LBB for high polymers. Therefore,Γh12
(2) signifies the disparity

in equation-of-state properties between the constituents A and
B.43-45

Meanwhile, the equilibrium overall densityη is determined
at a given set of temperature and pressure from the following
CS equation of state for high polymers:41,58

wherehzε implies the average interaction parameter for the given
mixture system.

Finally, the spinodals are estimated through the condition of
det[S-1] ) 0 (or det[S] f ∞), since scattering experiment can

Γij
(2) ) 1/Sij ) 1/Sij

0 + Wij/kT (B1)

ηSij
0 ) φbNδij[δiAd(x,fA) + δjBd(x,fB)] +

φbNδiAδjBg(x,fA)g(x,fB) + φhNyhδijδiAd(yhx,fA) (B2)

âWij/V* ) ∂
2[(âF0

EV + âUnb)/V]/∂ηi∂ηj (B3)

Lij(η) ) 3
2[ 4

(1 - η)3
+ 6η

(1 - η)4
- 2

(1 - η)2
- 2η

(1 - η)3]
(B4)

- âεij
app(η) ) âhzεij fp

u(η)

η
+ â(∑

k

ηk{hzεik +

hzεjk})fp
∂

∂η(u(η)

η ) +
1

2
â(∑

kl

ηkηlhzεkl)fp
∂

2

∂η2(u(η)

η ) (B5)

[Γh ij
(2)] )

[η2(Γ11
(2) - 2Γ12

(2) + Γ22
(2)) η/2 ‚(Γ11

(2) - Γ22
(2))

η/2 ‚(Γ11
(2) - Γ22

(2)) Γ11
(2)/4 + Γ12

(2)/2 + Γ22
(2)/4]
(B6)

âP ) 1
V*[32 (η2 + η3)

(1 - η)3 ] +
fp
2

âhzε

V*
[4(γ/C)4η5 - 2(γ/C)2η3]

(B7)
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be considered as aµVT ensemble. Microphase separation is
characterized by this condition with finite scattering vector
q*>0, while macrophase separation is signified byq* ) 0.

B-2. Molecular Parameters for PS/PnBMA in the Com-
pressible RPA Approach. To characterize a given block
copolymer system by the compressible RPA theory,45 various
molecular parameters should be estimated: the self-interaction
parameterεii, the monomer diameterσi, the chain sizeNi for
pure polymers, and the parameterεij for cross interaction
between different polymers. Those parameters for PS (1) and
PnBMA (2) are estimated as follows.66 σ1 ) σ2 ) 4.04 Å,hzε11/k
) 4107.0 K,hzε22/k ) 3738.2 K,N1πσ1

3/6Mw) 0.41857 cm3/
g, N2πσ2

3/6Mw) 0.42042 cm3/g. Here, hz is the number of
nonbonded nearest neighbors surrounding a chosen monomer,
and hz ≈ 10 for dense polymeric liquids. It is seen that PnBMA
is more compressible than PS (ε22 < ε11), which is also
consistent with the fact that the isothermal compressibility (5.1
× 10-5 (1/bar)) at 159.3°C of PnBMA is larger than that (4.0
× 10-5 (1/bar)) of PS homopolymer.52

The directional interaction in the PS/PnBMA system is
incorporated in the following way. The central concept is to
take the 1, 2 cross-contact interaction parameterε12 as a kind
of free energy that possesses not only enthalpic but also entropic
contributions. Consider that the cross-contact interaction can
be nonspecific with a characteristic energy parameterε12

ns and
specific with the energy parameterε12

ns + δε. The fractionθ of
the total number of cross-contacts that are specific is given from
Boltzmann statistics asθ ) [1 + d exp(- δε/kT)]-1, where the
symbol d denotes the ratio of the statistical degeneracies of
nonspecific and specific cross-contact interactions. Theε12 per
one cross-contact can then be suggested asε12 ) ε12

ns + δε -
kT ln[θ(1 + d)]. Here, the degeneracy ratiod is not taken as an
adjustable parameter, but fixed to 11, which implies the direction
interaction pair is formed only in the limited range of spatial
arrangement of two dissimilar monomers. Finally, to fit the
measured LDOT (160°C) for neat PS-b-PnBMA with molecular
weight of 67000, the remaining parameters,ε12

ns and δε/k, are
adjusted as 0.98363(ε11ε22)1/2 and 74 K, respectively.68
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