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ABSTRACT: Self-assembled patterns were investigated for solvent-cast films of the binary mixtures of 
poly(2,6-dimethylphenylene oxide) (PPO) and poly(styrene-b-isoprene) diblock copolymers (SI) using 
transmission electron microscopy. The pattern formaticn was found to generally depend on both the mi- 
crophase transition for the block copolymer and the liquid-liquid phase transition for the mixtures of the 
two polymers PPO and SI (the macrophase transition). The patterns with uniformly distributed micro- 
domains in space were obtained when the microphase transition occurred prior to the macrophase transition. 
In this case, PPO and polystyrene (PS) block chains in SI are mixed with each other and segregated from 
the domains composed of polyisoprene (PI) block chains. On the other hand, when the macrophase transition 
occurred prior to the microphase transition, periodic concentration fluctuations of SI and PPO with a 
characteristic spacing of Ammo on the order of micrometers first developed probably due to spinodal 
decomposition. This pattern formation and growth were followed by the microphase transition, generating 
the microdomains of a characteristic spacing Amino on the order of 100 nm. The pattern growth was eventually 
pinned down by vitrification to result in formation of a nonequilibrium structure with spatially varying 
microdomain morphology, a superlattice with the two spacings, .Imacm and Amiero. An interesting relation 
between the pattern and the thermal behavior as observed by DSC was also found. 

I. Introduction 
Dynamics and pattern formation in ordering processes 

in complex fluids or condensed matters have been at- 
tracting much research interest in the field of chemical 
physics or physical chemistry as a problem related to non- 
linear and nonequilibrium phenomena.lI2 Along this line, 
blends of two kinds of homopolymers, A and B, have been 
studied quite e~tensively.3-~ Even for such simple blends 
(denoted hereafter as A/B), the self-assembling patterns 
become extremely rich when the liquid-liquid phase 
separation of A/B is coupled with other kinds of phase 
 transition^:^ liquid-solid phase transition (Le., crystalli- 
zationa~g), phase transition between isotropic liquid and 
anisotropic liquid,lel2 gel-sol transition,13 and so on when 
at  least one component, e.g., A, is crystallizable, capable 
of forming liquid crystals and gels, respectively. 

In the case when at least one component is the block 
copolymer, it forms the microdomains due to the mi- 
crophase separation (denoted hereafter microphase  t ran-  
s i t i on) .  This microphase transition in the block copol- 
ymers can be coupled with the liquid-liquid phase 
separation between the two constituent polymers (denoted 
hereafter macrophase  t rans i t ion  in contrast to the mi- 
crophase transition), which will again give rise to a rich 
variety in the self-assembled pattern, as proposed in our 
earlier ~ a p e r . ' ~ J ~  In this paper we aim to report some 
results obtained along this line for mixtures of A-B diblock 
copolymers and C homopolymers (denoted hereafter A-B/ 
C). 

As for binary mixtures of a block copolymer and a ho- 
mopolymer, most of the work has been focussed for A-B/A 
(or B) systems and directed toward research on miscibility 
and phase diagram18-18 as well as on the effects of A on 
concentration fluctuations in the single-phase ~ t a t e , ' ~ J + ~ ~  
on the microphase t r a n ~ i t i o n , ' ~ J ~ ~ ~ ~ - ~ ~  and on the size, 
morphology, and long-range order of the ordered micro- 
domains16,17,18,23-29 as well as on micelle formations.3C-39 

* Author to whom correspondence should be addressed. 
t Presented in part before the 37th Annual Meeting of the Society 

of Polymer Science, Nagoya, Japan, May 1988. Hasegawa, H.; Hash- 
imoto,T. Polym. Prep?. (Jpn. SOC. Polym. Sci., Jpn.) 1988,37,1107. 

The latter research on the effects of homopolymers on the 
ordered microdomains was done mostly in the regime in 
which only the microphase transition takes place in the 
self-assembling process. 

The self-assembling processes and patterns in the regime 
in which there occurs a coupling of the microphase and 
macrophase transition have remained essentially unex- 
plored up to now, even for the A-B/ A systems. For the 
A-B/C systems, there are no systematic studies a t  all even 
on miscibility and phase diagram. The effects of the ho- 
mopolymer C on the items as discussed above for the 
A-B/A systems also remain unexplored. The self- 
assembling processes and patterns are totally unexplored. 
In this series of work, we aim to pursue a systematic study 
along this line on the A-B/C systems. In this paper we 
report the first result of this series on binary mixtures of 
poly (styrene-b-isoprene) (SI) and poly( 2,6-dimethylphen- 
ylene oxide) (PPO). 

Blends of polystyrene (PS) and PPO were reported to 
form a single phase over the entire composition range, 
based on the experimental results that they exhibited single 
glass transitions intermediate between those of the two 
pure  component^.^^ The total miscibility between PS and 
PPO was tested and proven by dynamic-mechanical,4l 
therma1,4l~~~ and diffusion43 measurements. Mixtures of 
PPO and PS-based block copolymers were investigated 
extensively by Tucker et a1.44-46 They found no mac- 
rophase separation between PPO and the block copoly- 
mers, PPO being completely dissolved in PS microdomains 
and hence uniform microdomain structures being formed. 
It  is most crucial for us to understand their interesting 
observations in terms of the self-assembling processes, 
which generally involve the coupling of two kinds of the 
phase transitions. It is conceivable that their observations 
result from their particular sample preparation method 
and that their method essentially involves the microphase 
transition only. This point may be qualitatively clarified 
in our paper. 

11. Possible States of Mixtures 
It  may be worthy to visualize the possible states of 

mixtures, before going into detailed discussion. Figure 1 
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Figure 1. Schematic representation of the possible states of 
SI/PPOmixtures. (a) Single-phase state. SI and PPO are mixed 
at the molecular level. (b) Phase-separated state. SI is in the 
disordered state and phase-separated from PPO. (c) SI is mi- 
crophase-separated, and PPO is preferentially solubilized in the 
PS domains. (d) Phase-separated into SI-rich and PPO-rich mac- 
rophases. SI is microphase-separated into PS-rich and PI-rich 
microdomains. 

sketches the possible equilibrium states. Part a sketches 
the single-phase state in which SI is in the disordered (the 
single-phase) state and mixed with PPO at  the I4ecular  
level. Part b sketches the phase-separated state in which 
SI is in the disordered state and phase-separated from 
PPO, generating the SI-rich phase and the PPO-rich phase. 
This state is formed in the case when only the macrophase 
transition is involved by either the nucleation growth 
process47 or the spinodal decomposition (SD) process.48 
There are many intermediate states evolved during the 
ordering process, leading to state b. 

Part c sketches the state in which SI undergoes the mi- 
crophase transition to form the domains rich in polystyrene 
(PS) block chains and those rich in polyisoprene (PI) block 
chains and PPO is preferentially solubilized in the PS 
domains. The preferential solubilization is due to the fact 
that PPO is totally miscible with PS4M2 but not with PI. 
This state is formed in the case when only the microphase 
transition occurs, and the microphase transition generates 
a number of possible microdomain morphologies with a 

--1 I- Amicro = q l h m )  

Figure 2. (a) Profiles of the periodic concentration fluctuations 
of polymer a or SI (solid curve) and polymer @ or PPO (dotted 
curve) with a spacing of A, (on the order of 1 pm) developed 
by the SD process in the macrophase transition. (b) Modulated 
pattern or a pattern with the superlattice of the spatially varying 
microdomains with a short periodicity of A d  (on the order of 
10 nm) superimposed over the periodic concentration fluctuation 
corresponding to a. 

long-range spatial order, e.g., spherical, cylindrical, and 
lamellar microdomains,’g as well as their intermediate 
structures such as the tetrapod network60 or OBDD,6l 
lamellar catenoid,62 mesh,M and strut (3d network)Y 

Part d sketches the phase-separated state in which both 
the microphase and macrophase transition occur. SI forms 
the PS-rich and PI-rich microdomains as a consequence 
of the microphase transition. This SI phase coexists with 
the PPO macrophase as a consequence of the macrophase 
transition. The SI phase is the phase rich in SI in which 
a minor fraction of PPO may be preferentially solubilized 
in PS-rich microdomains, and the PPO-phase is the phase 
rich in PPO in which a minor fraction of SI is solubilized 
either in the disordered state as in the part a or in the 
ordered state to form a microdomain different from that 
in the SI-rich phase. Again there are a number of possible 
microdomain morphologies with the long-range spatial 
order in the SI-rich phase as in the case of the state sketched 
in part c. As in the case of part b, a number of possible 
intermediate states will be formed in this self-assembling 
process via the micro- and macrophase transitions, in- 
vestigation of which is a primary theme in this paper. 

Although not included in Figure 1, there may be states 
a’, b’, and d’, corresponding to the states a, b, and d, 
respectively, in which the SI dissolved in PPO forms mi- 
celles or vesicles.32-39 

Let us take a step further on the discussion given above 
and consider here a possible intermediate structure formed 
in the self-assembling process of SI/PPO. What kind of 
patterns will be formed if the self-assembling process 
rnvolves first the macrophase transition via SD and 
subsequently the microphase transition? The SD process 
may develop periodic concentration fluctuations of SI (or 
polymer a) and PPO (or polymer 8) with a spacing of 
Am- on the order of 1 pm as sketched in Figure 2a, 
depending on time spent for SD at a given phaseseparation 
condition. If this macrophase transition is followed by 
the microphase transition and if PPO and PS are mixed 
at  the molecular level to form the microdomains of PS 
and PPO mixed with each other and segregated from the 
microdomains of PI, the self-assembling process may 
generate a modulated pattern or a pattern with super- 
lattice as shown in Figure 2b in which the microdomain 
morphology with a short periodicity of Ami- on the order 
of 10 nm spatially varies with the long spacing of Am 
If the regions richest in SI form the lamella of PS and 
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Table I 
Characteristics of Specimens Used in This Work 

Poly(2,6-dimethylphenylene oxide) 
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Differential scanning calorimetry (DSC) was performed with 
a DSC 3200 by Mac Science (Japan) at a heating rate of 20 'C/m. 
A test piece used for the DSC experiment was cut from the same 
cast films of the mixtures of PPO and the block copolymers as 
those used for the electron microscopy. For the DSC measure- 
ments on the mixtures of PPO and PS homopolymer (M.  = 2.04 
x lo5, M w / M .  = 1.05), the test specimens were prepared by 
dissolving the polymer mixtures in toluene, precipitating the 
mixture with a large quantity of methanol, and carefully drying 
the precipitates in a vacuum oven. The glass transition tem- 
peratures reported below refer the onsets of the glass transitions. 

IV. Results and  Discussion 
The patterns formed in the solvent-cast films may be 

classified into those controlled by the self-assembling 
process via the microphase transition, e.g., B2/PPO, as 
will be discussed in section IV-A, and those controlled by 
that involving the coupling between the macro- and mi- 
crophase transition, e.g., HY-l2/PPO, as will be discussed 
in section IV-B. These two kinds of patterns will be 
contrasted in this section. 

A. Self-Assembled Patterns Controlled by Mi- 
crophase Transition. In order to generate the patterns 
controlled by the microphase transition only, we selected 
the B2/PPO systems and prepared the films by a rapid 
solvent evaporation. The thin-film specimens were pre- 
pared by pouring the 5 wt 5% toluene solution on a cover 
glass and by evaporating the solvent within ca. 1 min with 
aid of an air blower. The thin films thus prepared were 
transparent. Since PPO is totally miscible with PS but 
is immiscible with PI and PI is a minority component in 
SI, the macrophase transition is expected to be suppressed. 
Hence, the microphase transition may occur prior to (or 
a t  a lower concentration than) the macrophase transition 
during the solvent evaporation process. The rapid solvent 
evaporation was aimed a t  bringing the homogeneous 
solution into the higher concentration regime where the 
macrophase transition occurs under the condition in which 
the preceding microphase transition affects as little as 
possible. 

Figure 3 shows typically the experimental results for 
the B2/PPO films as observed by the TEM method. As 
shown in part a, the neat B2 film has the Sp1 morphology 
in which PI spheres are selectively stained dark by Os04 
in the matrix of the unstained PS block chains. When 
PPO is mixed with an increasing fraction, (i) the Sp1 
morphology is maintained, but (ii) the volume fraction of 
the PI spheres decreases, as clearly observed in the series 
of micrographs. Moreover, (iii) the spatial organization 
of the PI spheres remains regular and uniform over the 
significantly wide area observed by TEM. These three 
pieces of evidence imply that PPO is uniformly mixed 
with PS block chains, forming the matrix of the Sp1 
morphology as a consequence of the microphase transition, 
but that there are no hints indicating the effect of the 
macrophase transition on the patterns. In other words, 
the regions rich in SI or PPO were never observed in the 
micrographs. Thus the rapid solvent evaporation method 
used in our experiments turned out not to be sufficiently 
rapid to avoid the effect of the microphase transition on 
the pattern formation. 

The uniform solubilization of PPO in the PS matrix 
and the absence of the macrophase transition was able to 
be further confirmed by the DSC experiments done for 
the same film specimens as in Figure 3. As seen in Figure 
4, there is only a single glass transition temperature (T,) 
between the glass transition temperature of the PS ho- 
mopolymer (Tg,ps = 103 "C) and that of the PPO ho- 
mopolymer (Tg,pp0 = 254 "C). Moreover, this Tg sys- 

code Mn" MwIMn" 
PPO 1.17 X 10.' 3.64 

Poly(styrene-b-isoprene) Diblock Copolymers 

code Mnb M,/Mna (w/w)' Mnpsd morphologye 
PSIPI 

HY-12 5.24 X 106 1.16 52/48 2.7 X lo6 lamella 
B-2 1.76X 106 1.26 85/15 1.5 X lo5 PI sphere 

Measured by size-exclusion chromatography, and M, is equivalent 
to standard polystyrene. Measured by membrane osmometry. 
e Measured by elemental analysis. Calculated from M, and the 
composition PS/PI (w/w). e Determined from transmission electron 
microscopy and small-angle X-ray scattering analysis. 

PPO and that of PI, which are alternating (denoted 
hereafter as Lp1 morphology), and those poorest in SI form 
the spherical domains of PI dispersed in the matrix of PS 
and PPO (denoted hereafter as SPI morphology), the 
regions in between form the cylindrical domains of PI in 
the matrix of PS and PPO (denoted hereafter as CPI 
morphology). Such a process may generate a pattern 
comprised of spatially varying microdomain morphology 
of LPI, CPI, Spr, Cp1, and LPI with the spacing of Amic.0 in 
the long spacing of Amacro. The length scale Amacro and 
details of the pattern at  the large scale such as the sharpness 
of the morphological transition and relative volume 
fraction of the region having each microdomain morphol- 
ogy may depend on the phase-separation conditions such 
as time and temperature. The long-range order of the 
microdomains at  the length scale of Amicro may depend 
also on the phase-separation conditions. 

111. Experimental Methods 
Characteristics of specimens used in this study were summa- 

rized in Table I. The number-average molecular weight, M,, was 
measured by size-exclusion chromatography for PPO as an 
equivalent value with standard polystyrene samples and by 
membrane osmometry for SI block copolymers. The heteroge- 
neity index, M,/M,, was measured by size-exclusion chroma- 
tography. Two kinds of SI block copolymers, coded as HY-12 
and B-2 used in this work, have, respectively, morphologies of 
the alternating lamellar microdomain (Figure 6) and spherical 
microdomains of PI dispersed in the PS matrix (Figure 3a) when 
they are solvent-cast using toluene. Note that the molecular 
weight of PPO is much smaller than the molecular weights of PS 
block chains for both HY-12 and B-2. Thus, in the case when 
HY-12 and B-2 form the microdomains, PPO may tend to be 
uniformly solubilized in the PS microdomains, according to the 
solubilization criterion found by Inoue et a1.B.M Since the content 
of PS is 85 wt 7; for B-2 and 52 wt % for HY-12 and PPO is 
miscible with PS, B-2 is expected to be more miscible with PPO 
than HY-12. 

The film specimens of the blends of HY-l2/PPO with 
compositions of 100/0, 80/20,60/40,30/70, and 10/90 w/w and 
of B-Z/PPO with compositions 100/0,90/10,70/30,50/50,30/ 
70, and 10/90 w/w were prepared by casting from toluene 
solutions containing the total amount of the polymers by ca. 5 
w t  5%. The toluene solutions were homogeneous and prepared 
by dissolving the polymers at ca. 50 O C .  

The patterns formed in the solvent-cast films were examined 
by transmission electron microscopy (TEM) with the ultrathin 
sections. The as-cast films of the mixtures were stained with 
osmium tetraoxide (0~04) vapor, embedded in epoxy resin, and 
ultramicrotomed by using an LKB 4800A ultrotome with a glass 
knife at room temperature. The ultrathin sections of ca. 50 nm 
thickness were picked up on copper grids with carbon-coated 
formvar supporting film, stained again with Os04 vapor, and 
subjected to observation under a Hitachi H-600s transmission 
electron microscope at an accelerating voltage of 100 kV. 
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B2/PPO Blends 
(quick-cast, annealed) 

B2/PPO Blends (quick-cast,annealed) 0.5pm 

( a )  lUU/U ( b )  90/1 0 

(d) 50/50 (e) 30/70 (f)  10/90 
Figure 3. Electron micrographs of OaO&ained ultrathin sections of BB/PPO mixtures quickly cast from toluene solutions: (a) lOO/O, 
(b) 90/10, (c) 70/30, (d) 50/50, (e) 30/70, (0 10/90 (wt %/wt 96). 

tematically shifts with an increasing fraction of PPO. This 
shift was compared with that for the mixtures of the PS 
homopolymer and PPO (PS/PPO). Figure 5 shows the 
comparison of the two sets of Tis as a function of the PPO 
fraction in which the data for BB/PPO and PS/PPO are 
shown by the filled and open circles, respectively. The 
two sets of data are identical within experimental accuracy, 
implying that the PS block chains in SI are uniformly 
mixed with PPO as the PS homopolymer does. Thus, the 
patterns shown in Figure 3, which were generated by the 
particular thermal history, are controlled primarily by the 
self-assembling process via the microphase transition only. 

B. Self-Assembled Patterns Controlled by a Cou- 
pling of the Macro- and Microphase Transition. In 
order to find the effects of the macrophase transition on 
the patterns, we selected the mixtures of HY-l2/PPO and 
prepared the solvent-cast films using the 5 w t  96 toluene 
solutions by slowly evaporating the solvent. In this slow 
solvent evaporation, the films of ca. 0.5 mm thickness were 
prepared in a Petri dish by evaporating the solvent at a 
natural rate in a covered glass vessel a t  a controlled tem- 
perature of 30 "C for about 1 week. I t  is expected that the 
increased fraction of the PI  block chain in SI promotes 
the macrophase transition and that the slow solvent 
evaporation promotes the effects of the macrophase 
transition on the pattern formation by expanding the time 
spent in the two-phase regime prior to the vitrification 
set-in during the solvent evaporation. The films thus 
prepared were turbid. 

The neat SI specimen (HY-12) exhibits the alternating 
lamellar microdomain morphology as shown in Figure 6. 
The patterns formed in the solvent-cast films of the HY- 
12/PPO mixtures are shown in Figure 7 as a function of 
the blend compositions: (a) 80/20, (b) 60/40, (c) 30/70, 

I . .  . . I . .  ~. 1 . .  

100 150 200 

Temperature ("C) 

Figure 4. DSC thermograms for the films of BB/PPO h/lO, 
70/30,50/50,30/70, and 10/90 (wt % /wt  %) mixture? quickly 
cast from toluene solutions. Tg (onset) of each mixture IS shown 
by an arrow. 



5708 Hashimoto et al. Macromolecules, Vol. 24, No. 20, 1991 

I60 

120  

80 
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Weight Fraction of PPO in PS+PPO 
Figure 5. Glass transition temperatures obtained from DSC 
measurements (onset temperature) as a function of the weight 
fraction of PPO in the PPO + PS phase for B2/PPO (filled 
circles) and PS/PPO (open circles) blends. 

HY12 
& 

Figure 6. Electron micrograph of an OsOJ-stained ultrathin 
section of HY 12 slowly cast from toluene solution. 

and (d) 10/90. Regardless of the blend composition, these 
patterns have the following overall characteristics: (i) they 
are composed of the microdomains, but (ii) they are 
heterogeneous such that the local microdomain morphol- 
ogy is spatially varying as in parts a-c or the local mi- 
crodomain morphology is identical everywhere (spheres) 
but the spatial arrangement of them is locally varying as 
in part d. The pattern in part a comprises LPI, CPI, and 
SPI, while that in part b comprises CPI and SPI. In all cases 
PPO are mixed with PS block chains, forming the bright 
domains. The pattern c comprises percolating networks 
of SI-rich domains in the matrix of the PPO-rich domains. 
The PPO-rich domains from the SPI morphology. The 
microdomain morphology in the SI-rich domains is not 
well-understood at present and cannot be clearly classified 
into a well-known microdomain morphology such as 
spheres and cylinders. The pattern in part d comprises 
the PI spheres in the matrix of PPO and PS, but there are 
regions rich in the PI spheres (and hence rich in the SI 
block copolymer) and those rich in PPO (or poor in the 
PI spheres) that appeared bright. The heterogeneous 
patterns a-d commonly imply that the self-assembling 

process is affected by the macrophase transition and that 
this macrophase transition is coupled by the microphase 
transition. 

Pattern c comprised of the percolated network of SI- 
rich domains might be interpreted as the one formed by 
segregation of SI as a result of solvent-induced spherulitic 
crystallization of PPO during the solvent evaporation 
process; viz., the noncrystallizable SI may be segregated 
into the boundaries between neighboring PPO spheru- 
lites. If this is the case, the network pattern is expected 
to be observed also for the pattern shown in part d for the 
HY-lBIPPO mixture with the 10/90 composition, since 
this mixture should be more easily crystallizable than the 
30/70 mixture. However, in reality the percolating 
network cannot be observed for the 10/90 mixture, which 
may imply that the percolating network is formed more 
likely through the macrophase transition than through 
the liquid-solid transition (i.e., the crystallization). 

Figure 8 shows the TEM micrograph for the 80/20 
mixture, showing a much wider area than that in Figure 
7a. The micrograph shows the pattern in which the mi- 
crodomain morphology changes spatially, with the long 
period A,,, on the order of micrometers, from the LPI 
morphology (as in the regions marked A) to the CPI 
morphology (as in the regions marked B or C) and to the 
SPI morphology (as in the regions marked D). The mi- 
crodomains have the spacing of Ami,, z 100 nm. The 
microdomain morphology appearing in region B may 
locally have "mesh structure" (MPI)?~ The Mp1 structure 
is similar to the alternating lamella of PI block chains and 
that of PS block chains plus PPO homopolymers, but there 
are catenoid channels comprised of PS and PPO that 
traverse through the PI lamellae and that interconnect 
the adjacent lamellae comprised of PS and PPO. Thus 
the two-dimensional PI meshes are dispersed in the matrix 
of PS and PPO. The appearance of the dark dots aligned 
in linear array in region B resembles the Mp1 structure 
observed for another system.53 The lamella catenoid 
structures2 in which there are catenoid channels traversing 
through both types of the lamellae (e.g., the PI channels 
traversing through the lamellae of PS and PPO and the 
channels of PS and PPO traversing through the PI  lamel- 
lae) appears to be less probable in this case. Here we 
suggest the mesh structure as a possible structure but will 
leave detailed investigation on it as a future work. Region 
C appears to be closer to the Cp1 morphology than MPI. 

Figure 9 shows the pattern for the HY-12/PPO mixture 
with the 80/20 composition over an even wider area. The 
spatially varying morphology with the superlattice struc- 
ture is evident. In the micrograph there are regions marked 
D ,  which contain less PI spheres than region D, though 
a number of small dark spheres might be lost during the 
entire image reconstruction process leading to the final 
photopr in ting. 

The micrographs shown in Figures 7a, 8, and 9 clearly 
indicate that the PPO volume fraction spatially varies 
more or less periodically with the characteristic spacing 
of A,,, on the order of micrometers. The lamellar 
morphology should exist in the regions poorest in PPO 
and the SPI morphology in the regions richest in PPO. 
The boundary over which such morphological change 
occurs is sufficiently wide and on the order of a few hundred 
nanometers. These observations lead us to conclude that 
the patterns are formed first by the macrophase transition 
via the SD mechanism, which is followed by the microphase 
transition and eventually by vitrification, in the self-ass- 
sembling process involved by the solvent evaporation. 
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1Pm HY 12/PPO Blends (Toluene-cast film) . 

( c )  30/70  (d) 10/90 
Figure 7. Electron micrographs of OsO&ained ultrathin sections of HY 12/PPO mixtures slowly cast from toluene solutions: (a) 
80/20, (b) 60/40, (c) 30/70, (d) 10/90 (wt %/wt 96). 

Figure 10 shows a TEM micrograph for the mixture of 
HY-lBIPPO 60/40, showing the self-assembled pattern 
over an area wider than that shown in Figure 7b. The 
micrograph again shows the spatially varying microdomain 
morphology with A,,,, on the order of micrometers and 
Amicro E 100 nm. Compared with the mixture of HY-12/ 
PPO 80/20 in Figures 7a, 8, and 9, this mixture has a 
larger overall volume fraction of PPO, and hence its SI- 
rich regions after the macrophase transition may have a 
smaller volume fraction of the PI block chains relative to 
that of the PS block chains plus PPO than the mixture 
of HY-l2/PPO 80/20. Thus, i t  forms the CPI morphology 
in the SI-rich regions after the microphase transition. 
Similarly in the PPO-rich domains, the SPI morphology 
is developed. Again the boundaries between the domains 
of different morphologies appear to extend over a distance 
much larger than R,, radii of gyration of the constituent 
polymers. It should be noted that the free surface of the 
specimen marked by arrows and running from the top- 
right to the left-bottom corner of the micrograph is always 
actually covered by a monomolecular layer of polyisoprene, 
appearing as a dark thin layer, although a portion of the 
free surface appears uncovered by the PI layer in the 
micrograph. This is consistent with our earlier experi- 
mental finding for the neat SI block copolymer having the 
Cp1 morphology in bulk and best interpreted as a conse- 
quence of PI having the lowest surface tension.55 

The spatial concentration fluctuations of PPO as 
sketched in Figure 2 turns out to be the origin of the unique 
self-assembled patterns as shown in Figure 7. The 
fluctuations would also cause unique thermal behavior 
because they give rise to the spatial variation of the glass 
transition temperature, T,, of the phase comprising PS 

and PPO. Figure 11 shows the DSC thermograms in the 
temperature range between 70 and 220 "C for the HY- 
12/PPO (80/20) mixture (solid line), whose pattern is 
shown in Figures 7a, 8, and 9, and for the B-2/PPO (70/ 
30) mixture (broken line) prepared by the same method 
as in Figure 3, as a reference. Note that these two mixtures 
have the almost identical average-volume ratio of PS and 
PPO, the ratio PS/PPO being 67/33 and 66/34 for HY- 
12/PPO (80/20) and B-2/PPO (70/30), respectively. The 
thermogram for the latter mixture shows a single T, (r120 
"C), corresponding to T, of the matrix phase of PPO and 
PS in which they are uniformly mixed as discussed in 
section IV-A. However, the thermogram for the former 
mixture shows no discontinuous change, indicating the 
spatial variation of T, corresponding to PS and PPO, 
consistent with the TEM observations. 

C. Interpretation on Self-AssemblingProcess. Our 
interpretation on the self-assembling patterns discussed 
in sections IV-A and -B is summarized below on the basis 
of the schematic phase diagrams as shown in Figure 12 in 
which parts a and b are concerned with the mixtures of 
B2/PPO and HY-l2/PPO, respectively. The solid and 
broken lines schematically represent the phase boundaries 
for the microphase and macrophase transition, respec- 
tively. 

Since B2 is rich in the PS block chain, which is miscible 
with PPO, the macrophase transition is expected to be 
suppressed relative to the microphase transition. When 
the solvent evaporates from a dilute solution of a given 
blend composition specified a t  point D during the film 
preparation process, the state of the solution changes along 
the line ABCD. The microphase transition may occur a t  
point B prior to the macrophase transition at point C and 
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1CLm HY 12/PPO (80/20) Blend H 

Figure 8. Electron micrograph of an OsO,-stained ultrathin section of an HY 12/PPO 80/20 (wt % /wt %) mixture slowly cast from 
toluene solution. 

HY 12/PPO (80/20) Blend , 5Pm , 

# 

id 
1 
3 

Figure 9. Same as Figure 8 but with a lower magnification. 

generates the microdomain morphology of Sp1 swollen with 
toluene. BBIPPO forms SPI regardless of the PPO content, 
because the net weight fraction of the PI block forming 
the spheres is in the range of 0.015-0.12. 

Once the SPI microdomains are formed, the broken line 
for the macrophase transition loses its significance. It 
has a physical significance only when the solution in a 
state on line AB is quenched suddenly in a state on line 
CD and when the latter state on line CD is still above the 
glass transition temperature. Under this situation, both 
the macrophase and microphase transition can occur in 

principle and affect the self-assembly. Our rapid solvent- 
cast method, however, does not obviously bring the solution 
in this regime. The solvent-evaporation rate is still 
sufficiently slow so that the self-assembly is expected to 
be controlled by the microphase transition. 

Once the SPI morphology is formed, it hardly grows, 
owing to the severe nonequilibrium effect inherent to this 
morphology, as discussed in detail e l s e ~ h e r e . ~ ~ ~ ~  Thus, 
the PI  spheres formed near point B rather shrink in terms 
of their size and intersphere distances upon further 
evaporation of the solvent along the line BD to result in 
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I Pm 
H 

HY 12/PPO (60/40) Blend 

Figure 10. Electron micrograph of an OsO&ained ultrathin 
section of an HY12/PPO 60/40 (wt %/wt %) mixture slowly 
cast from toluene solution. 

HY 12/PPO (80/20) 
Toluene-cast film 

(PSPPO = 67/33) 

'\ 

B2/PPO (70/30) / .- 
(quick-cast, annealed) 

(PSPPO = 66/34) 1 -  
Temperature ("C) 

Figure 11. DSC thermograms of the toluene-cast films of an 
HY12/PPO (80/20) mixture (solid curve) and a B2/PPO (70/ 
30) mixture (broken curve). The PS/PPO ratio is 67/33 for the 
former and 66/34 for the latter. 

Toluene Toluene 
Microphue Tnnsilion 

Macrophase Transition 

SI (B2) PPO SI (HY12) " PPO 

(a)  (b) 
Figure 12. Schematic phase diagrams for (a) B2/PPO/toluene 
and (b) HYl2/PPO/toluene ternary mixtures at a given tem- 
perature (e.g., the temperature of film casting). The solid lines 
and broken curves indicate hypothetical critical concentrations 
for the microphase and macrophase transitions, respectively. The 
dash-and-dot lines indicate the path for the film-casting process. 

the pattern as found in Figure 3. The size of the PI spheres 
and the intersphere distance are essentially pinned down 
at  the instance when the Sp1 morphology is formed in the 
s o l ~ t i o n . ~ * ~ ~  Thus, the decrease in the size of the PI 
spheres with an increasing PPO fraction as shown in Figure 
3 reflects the phenomenon when the PI spheres are formed 
in the solution." The decrease of the PI spheres with an 
increasing fraction of PPO is due to the swelling of the PS 

12K 273K1252K IZK I5OKlZbK 

Figure 13. Electron micrograph of an OsO&ained ultrathin 
section of an HY12IPPO 80/20 (wt %/wt %) mixture quickly 
cast from toluene solution. 

block chains by PPO.2'J*2'7 The swelling increases the 
curvature of the interface between PI solution and the 
solution of PS and PPO, as discussed in detail elsewhere.% 

A greater fraction of PI block in HY-12, which is 
immiscible with PPO, as compared with B2, is expected 
to promote the macrophase transition relative to the mi- 
crophase transition, as shown schematically in Figure 12b. 
When the blend with a composition specified at  point H 
is cast into films from a dilute solution, the state of the 
solution changes along the line EFGH. The solution may 
undergo the macrophase transition via SD in the process 
of passing the line FG, prior to the microphase separation, 
generating the spatial concentration fluctuations of SI and 
PPO with the spacing A,,,. During the solvent- 
evaporation process, the fluctuations will grow further in 
terms of its amplitude and Am. The concentration 
eventually reaches that in which the microphase separation 
starts to occur, and microdomains are formed in the process 
corresponding to the line GH. The variation of the local 
concentration of the PI block against that of PS plus PPO, 
which was generated by the macrophase transition, would 
cause the variation of the microdomain morphology in 
space after the microphase transition. The pattern growth 
is eventually pinned by vitrification to result in the self- 
assembled pattern in the solid film as summarized in Figure 
7. 
As the volume fraction of PPO increases, the volume 

fraction of the PI block in the regions rich in SI decreases, 
and the local morphology may change from Lp1 (Figure 7a 
for 80/20), CPI (Figure 7b for 60/40), and Sp1 morphology 
(Figure 7d for 10/90). The corresponding local morphology 
for the 30/70 mixture in the percolating SI-rich domain 
appears to be a morphology that cannot be well-defined, 
intermediate between Cp1 and SPI. The local morphology 
of PPO-rich regions is SPI for the 80/20,60/40, and 30/70 
mixtures and featureless PPO domains for the 10/90 
mixture. 

Since the time evolution of the concentration fluctu- 
ations with the large spacing A,,, is a slow process, there 
may be a chance that the solution can be supersaturated, 
without a significant effect of the macrophase transition 
in the process corresponding to the line FG, into a state 
on the line GH where the microphase transition is triggered 
and the microdomain is formed, if the solvent evaporation 
rate is sufficiently rapid. Figure 13 shows a TEM 
micrograph for the mixture of HY-lBIPPO (80/20) 
prepared by the rapid solvent-cast method as used to 
prepare the B2/PPO specimens. The micrograph shows 
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a uniform microdomain structure as characterized by 
“strut” m0rphology,5~ i.e., the 3d network of the PI  mi- 
crodomain (StpI) in the matrix of PPO and PS. There are 
no regions obviously rich in PPO or SI, indicating little 
effect of the macrophase transition on the pattern. The 
StpI morphology may be reasonable in view of the weight 
fraction of the P I  block (0.38), which may be higher than 
that for the C ~ I  morphology but lower than that for the 
LPI morphology. 

V. Concluding Remarks 
Self-assembled patterns are reported for the solvent- 

cast film of the binary mixtures of PPO and SI, using 
toluene as a solvent and a low molecular weight PPO 
compared with the molecular weight of the PS block. The 
self-assembling processes leading to such unique patterns 
as discussed in sections IV-A and -B were qualitatively 
discussed in terms of the microphase and macrophase 
transition occurring in the systems during the solvent- 
evaporation process. Especially the transition that occurs 
first is pointed out to be important for the final pattern 
observed in the solid films. Further research on the 
following points deserves future studies: effects of the 
molecular weights of PPO and SI and of solvent on the 
pattern, the real-time analysis of the ordering process, 
investigation of Flory’s X-parameters among the constit- 
uent polymers and solvent, and phase diagrams for the 
macrophase and microphase transition. 
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