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ABSTRACT: The phase diagrams for a binary mixture of symmetric polystyléakpoly(n-butyl methacrylate)
copolymer (PS-PnBMA) exhibiting lower disorder-to-order transition (LDOT) and PS homopolymer and a
binary mixture of PS-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-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
PSb-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 PnBMA homopolymer by using polarized optical microscopy
The phase behavior of a binary mixture consisting of a block (ggz/ls) tu:jb|d|ty m.ea.surelment, small-angle ).I(_é:l/ly slcgtterlng
copolymer and a homopolymer has been extensively studied( ) an transmission electron microscopy ( - ), Itis note
experimentally26 and theoretically’~3? The most important that PSb-PnBMA exhibited LDOT phase behavig.*~7
a?ameter in determining phase béhavior of the mixtF:Jres is theThe emphasis is placed upon the effect of the molecular weight
P . \ning p . ~of homopolymers on phase behavior of binary mixtures. Then,
molecular weight ratio of a homopolymer to the corresponding - . . .
the phase diagrams of the mixtures are compared with predic-

blO.Ck component in a block copolymer. qu S“.“a” mole_cular tions developed based on the compressible mean field theory
weights of homopolymers, these are easily dissolved in the developed by one of (445

microphase-separated structure of block copolymer. When the
molecular weight of a homopolymer is much greater than that 2 Experimental Section
of the corresponding block, macrophas_e sepqratlon occurs. 2.1. Materials and Sample PreparationPSb-PnBMA having

Al the block copolymers employed in the literatéré to a number-average molecular weight,j of 67000 g/mol and a
investigate the phase behavior of binary mixtures exhibit the polydispersity index M./M, in which M,, is the weight-average
order-to-disordered transition (ODT); thus, a homogeneous statemolecular weight) of 1.04 was synthesized by the sequential anionic
of the mixture could be obtained upon heating. However, some polymerization of styrene anatbutyl methacrylate in tetrahydro-
block copolymers exhibit lower disorder-to-order transition furan containing dried LiCl at-78 °C under purified Ar using a
(LDOT) upon heating?3° The driving force for the LDOT is  SeeBuLi initiator.** The volume fraction of PS block in Pis-

of entropic origir® thus driven either by disparity in compress- PnBl\t/IA was O.S,Sdetgrrgiréeﬁg\r?]ﬁh-l nucllear magr_lt(re]tic r_esonancle
ibility or by directional interactions, which is quite different SPECLroscopy. and =n OMOpOlyMers with various molec-

ular weights were purchased from Aldrich Chemical Co. The
from that for the ODT. However, to the best of our knowledge, . iacular characteristics of HSPRBMA and PS and PnBMA

the phase diagram of a binary mixture of a block copolymer pomopolymers employed in this study are given in Table 1. Various
with LDOT and a homopolymer has not been studied experi- compositions of binary mixtures consisting of B&nBMA and

mentally or theoretically. PS homopolymers as well as consisting of ;BABMA and
In this paper, we first present experimentally determined PNBMA homopolymers were prepared by dissolving a predeter-
phase diagrams of a binary mixture of polystyrésieck-poly- 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 120D for 48 h.
2.2. Polarized Optical Microscopy.A polarized optical micro-
scope (POM,; Zeiss Co.) with CCD camera was used to find whether
*To whom correspondence should be addressed. E-mail: (J.K.K.) @ sample at a given temperature was in an ordered state. When a
jkkim@postech.ac.kr; (J.H.C.) jncho@dku.edu. specimen is in an ordered state having lamellar or cylindrical

(n-butyl methacrylate) copolymer (R8PnBMA) and PS homo-
polymer as well as a binary mixture of REPNnBMA and
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Table 1. Molecular Characteristics of the Polymers Used in This Study

symbol description Mn Mw
PSb-PnBMA polystyrends-poly(n-butyl methacrylate) copolymer 67 000 69 000
PS-2 PS homopolymer 2000 2100
PS-13 PS homopolymer 12 600 13100
PS-20 PS homopolymer 20 000 20 800
PS-68 PS homopolymer 68 000 71000
PnBMA-11 PnBMA homopolymer 10 500 12 700
PnBMA-24 PnBMA homopolymer 23500 25000
PnBMA-65 PnBMA homopolymer 65 000 68 000

microdomains, it shows distinct birefringence in the POM image, small electron density difference between PS and PnBMA
whereas no birefringence is observed in a disordered sdfrfpiece blocks. With increasing temperature, ba(t)) and the domain

the absence of birefringence could also be observed for orderedspacing D = 27/q*, in which g is the maximum peak position)
structures with spherical or double gyroid microdomains, TEM and jhcreased steadily. This indicates that the segregation power
SAXS experiments were carried out additionally. The sample for between two blocks increases with increasing temperature
POM was prepared by solution-casting (10 wt % in toluene) onto which results from the characteristic of the LDOT type phase’
a cover glass and annealed at 1ZD for 4 h under a nitrogen behavior. Parts b and ¢ of Figure 2 give plots d{d#) and D

environment to remove residual solvent. > :
2.3. Turbidity Experiment. Various compositions of the mix- vs 11T, respectively, from which LDOT of neat ASPnBMA

tures for the turbidity temperatur@;) measurements were prepared 1S determined to be 162C. From the.re'sults given in Figures
by dissolving a predetermined amount of the mixtures in toluene 1 and 2, LDOT determined by POM is in good agreement with
(10 wt % in solute) and slowly evaporating solvent 0@h at that determined by SAXS and rheology. Hereafter, the LDOT
room temperature. Sample thickness wd® um. Each specimen  of the mixtures of P$&-PnBMA and homopolymers is mainly
was annealed at 120C for 4 h. TheT, of each blend was  determined by POM, as long as a mixture exhibits either lamellar
determined by optical microscopy (OM, Axioplan, Zeiss Co.) using or cylindrical microdomain.
a heating block blanketed in nitrogen. Thgof a specimen was Figure 3 gives POM images of 80/20 (w/w) PSRnBMA/
estimated by the threshold temperature above which phase-separategs_13 mixture (a and b) and 80/20 (w/w) BRNBMA/PS-68
structures were clearly seen under the OM at a heating rate of . . .
mixture (c and d) at two different temperatures, from which

1.5°C/h. . .
. ) the LDOT for these two mixtures are determined to be 216 and
2.4. Small-Angle X-ray Scattering (SAXS)SAXS profiles ((q) 152 °C respectivelyW FiglIJ)Tr(;j 4 gives phas;. diagrams of the

vs g(=4x sin 0 /A), in which q is the scattering vector and)ds ” ) -

the scattering angle) were obtained at the 4C1 and 4C2 beamlinegniXtures of PS-PnBMA/PS with four different molecular

at the Pohang Light Source (PLS), KoréaA 2-D CCD camera  Weights (PS-2, PS-13, PS-20, and PS-68). Here, M and H

(Princeton Instruments Ins., SCX-TE/CCD-1242) was used to represent microphase separated and homogeneous state, respec-

collect the scattered X-rays. The sample thickness was 1 mm andtively. L is the macrophase-separated homopolymer. The

sample-to-detector distance was 2.4 m. The exposure time was 10oundary between M and H (thus, LDOT), given in closed

min. rectangles, was determined by using POM and SAXS. The
2.5. Rheological Experiment.Temperature sweep of storage macrophase-separated state{M.) was determined by cloud

and loss moduli (Gand G') was performed under isochronal con-  gint measurement, and shown as closed circles. It is seen in

dition upon heating at a rate of 0-%/min with an Advanced Figure 4 that at smaller molecular weight of PS homopolymer
Rheometrics Expansion System (ARES) with parallel plate of (PgS-Z) which is much smaller than thgt of PS block i?} lF?/S-

25 mm diameter. Before the experiment, the thermal history of the . . o .
samples was completely removed by annealing the sample atPNBMA, LDOT increased rapidly with increasing amount of

homogeneous state of 12G for 4 h. The strain amplitude and the ~ PS homopolymer; thus the miscibility was greatly enhanced.

angular frequency were 0.05 and 0.1 rad/s, respectively, which lie For instance, the LDOT increased more than°@with the

in linear viscoelasticity. addition of 10 wt % of PS-2. With increasing molecular weight,
2.6. Transmission Electron Microscopy.The microdomain the M region becomes expanded, but at higher temperatures

structures of the mixtures were investigated with a transmission the macrophase-separation was observed for almost all composi-

electron microscope (TEM; Hitachi-7600) operating at 80 kV. 10

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 (fRé@

20 min at room temperature, which selectively stained the PS 10|

microdomain.

3. Results and Discussion

Figure 1 shows temporal changes dfd@d G' of neat PS-
b-PnBMA. G and G’ show rapid increase near 180, which
is referred to as a disorder-to-order transition (LDOT) temper-
ature. It is known that Gprecipitously decreases at an ODT 10% |
temperature upon heating for block copolymers with lamellar
or cylindrical microdomaing®-5° Insets in Figure 1 are POM
images for neat P8-PnBMA at 160 and 162C, from which

G, G" (Pa)
2

101 L I ' L L L

the birefringence was first detected at 181 100 120 140 160 180 200 220 240 260
Figure 2a shows SAXS profilesl(¢) vs q) at various
temperatures for neat FSPNBMA. Even though a synchrotron Temperature (°C)

source of X-ray with a relatively longer exposure time (10 min) Figure 1. Temperature sweeps of @nd G' of neat PSs-PnBMA.

was used, we could not find higher-order peaks, because of thelnsets are POM images at two temperatures (160 anc®Cjl CDV
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Figure 2. (a) SAXS profiles [(q) vs g) at various temperatures for
neat PS-PnBMA. Plots of (b) 2/(g*) and (c) the domain size (D) vs

1T.

at lower temperatures.

Figure 5 gives phase diagrams of the mixtures ofbPS-
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 BS-
PnBMA/PnBMA-11 is slightly expanded compared with mixture
of the PSb-PNBMA/PS-13, even though the molecular weight
of PNnBMA-11 is slightly less than that of PS-13.

I(a)

1(q)

400

(a) (a) 140°C a)215°C
(b) 158°C
(c) 160°C
(d) 170°C
(e) 180°C
(f) 190°C

200

c)151°C

0

016 024 032 040
a(nm™)
()

260 240 220 200 180 160 140 120

03 F

0.1F

00| eccocccccccccccce®

19 20 241
1000/T (1/K)

Phase Behavior of a Binary Mixture8749

b) 216 °C

d) 152°C

0.4 (b) Figure 3. POM images of 80/20 (w/w) PB-PNnBMA/PS-13 mixture
° (a and b) and 80/20 (w/w) PSPnBMA/PS-68 mixture (c and d) at
two different temperatures.

The microdomains of mixtures change greatly with the addi-
tion of high molecular weight homopolymer® 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) RS-
PnBMA/PS-68 mixture. With increasing temperature, SAXS
. oy intensity was first detected near 188 (see the inset). This
22 23 24 25 corresponds to the LDOT of this composition, and this is in
. good agreement with the result determined from POM. With
increasing temperature up to 220G, 1(g*) increases steadily.

D of this mixture was~ 41 nm, which is larger than that of
neat PS3-PnBMA. Figure 7 gives TEM images for various
compositions of P$»PnBMA/PS-20 and P®-PnBMA/
PnBMA-24 mixtures annealed at 19C for 5 days followed

by quenching to room temperature. Neat?PBaBMA 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-20wpg) 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) PSh-PnBMA/PS-20), a disordered state (homogeneous
phase) was observed at 190. On the other hand, the change

1.9 20 21 22 23 24 25 of microdomains with weight fraction of PnBMA homopolymer
1000/T(K) for the mixture of PS-PnBMA and PnBMA-24 at 196C was
different from that of the mixture of PB-PnBMA and PS-20.

With increasing the weight fraction of PnBMA-24 homopoly-

mer, microdomains of the mixture of REBPNnBMA/PnBMA-

24 were transformed from lamellae (Figure 7d for 80/20 (w/w)
PSb-PNnBMA/PNBMA-24) to hexagonally packed cylinders
tions. At a higher molecular weight of PS (PS-68), with increas- (Figure 7e for 60/40 (w/w) P®-PnBMA/PnBMA-24) and

ing temperature, LDOT decreased slightly at smaller amounts, finally to a disordered state with concentration fluctuation
but it increased again with increasing amounts of PS-68. In this (Figure 7f for 40/60 (w/w) P®-PnBMA/PnBMA-24). 1t is
situation, the macrophase separated regions were extended evemoted 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 P$-PnBMA/PnBMA-65 mixtures an-
nealed at 190C for 5 days followed by quenching to room
temperature. The lamellar microdomains were maintained up
to the weight fraction of PS-6&8g) 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 we&%{/
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240 (d) Figure 5. Phase diagrams of mixtures of BS2nBMA/PnBMA with
three different molecular weights: (a) PnBMA-11; (b) PnBMA-24; (c)
220 PnBMA-65. Here, M, H, and L represent microphase separation,
homogeneous state, and macrophase-separated homopolymer, respec-
—~ 200 tively.
(8] . . . . . .
480 fact that ill-defined microdomain structure as shown in Figure
= 8c was found for P®-PnBMA/PnBMA-65 mixture but not
160 observed for P&PnBMA/PS-68 mixture, might be due to the
H asymmetric phase behavior nature of neattFFRBMA 38 As
140 Wps (Or Wpngma) increased further (for instance, 20/80(w/w) PS-

00 02 04 06 08 10 b-PNBMA/PS-68 and 20/80(w/w) PS-PnBMA/PRBMA-65),
. . macrophase separation occurred at 1@ However, we
Weight Fraction of PS-68 observed that 20/80(w/w) PSPnNBMA/PS-68 mixture at 190

Figure 4. Phase diagrams of mixtures of PSPnBMA/PS with four °C looked translucent, whereas 20/80(w/w) BBnBMA/
different molecular weights: (a) PS-2; (b) PS-13; (c) PS-20; (d) PS- PnBMA-65 became very turbid

68. Here, M, H, and L represent microphase separation, homogeneous

state, and macrophase-separated PS homopolymer, respectively. ‘Comparing TEM images given in Figure 8 of the mixtures
with PS-68 and PnBMA-65, we consider that the effect of
fraction of PnBMA homopolymer for the mixture of HS- PnBMA homopolymer on the phase behavior of the mixtures

PnBMA and PnBMA-65 at 190C was distinctly different from is quite different from that of PS homopolymer, even though
that of the mixture of P&PnBMA and PS-68. Both 80/20 and  both homopolymers have very similar molecular weight. This
60/40 (w/w) PShb-PnBMA/PnBMA-65 exhibited ill-defined suggests that the free volume effect arising from the disparity
microdomains not belonging to lamellae or cylinders. But, a of the isothermal compressibilityc) should be an important
distinct birefringence was detected for both compositions. The parameter in determining the phase behavior of a mixture MBP{/
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Figure 6. SAXS profiles of 60/40 (w/w) P®-PnBMA/PS-68 mixture
at various temperature$Q@): (a) 140; (b) 150; (c) 160; (d) 170; (e)
180; (f) 190; (g) 200; (h) 210; and (i) 220.

a block copolymer exhibiting LDOT. It is noted that the value
of k (5.1 x 107° (1/bar)) at 159.3C of PnBMA is larger than
that (4.0x 1075 (1/bar)) of PS homopolymé?r.

Figure 9 gives LDOT changes with the amount of PS and
PnBMA homopolymers in the mixtures of REPNBMA/PS
(Figure 9a) and P8-PnBMA/PnBMA (Figure 9b) as a function
of molecular weight. The LDOT of the mixtures at smaller
volume fractions of PS homopolymer0.1) increased with
increasing amount of PS homopolymer when the molecular
weight of PS homopolymer (M p9 was less than 13000. To
obtain the volume fraction, the constant specific volumes (in
cm®g) of PS (0.952) and PNBMA (0.957) were used. Previously,
Leibler and Benof’ and Noolandi and co-worké&?predicted
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 My, psgreater than 20000, the
LDOT decreased initially with increasing amount of PS homo-
polymer. For the mixtures of PBPNnBMA/PNBMA, the general
trend of the change of LDOT with molecular weight of PnBMA
homopolymer is similar to that for the mixtures of BS-
PnBMA/PS. However, at a given amount of the homopolymer,
the increase of LDOT of a mixture of BSPnBMA/PnBMA
is smaller than that of PBHPNBMA/PS. Specifically, the LDOT
of the PSb-PnBMA/PS-13 mixture are always higher than that
of the PSb-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 (#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
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Now, we compare experimental results with predictions based
on a recently developed compressible RPA th&ory in con-
nection with an off-lattice equation-of-state model by Cho and
Sanche?® 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 parametes;;, the monomer diameter;, the chain
size N; for pure polymers of molecular weighil,, and the
parameteg; for cross interaction between different polymers.
Certain directional interactiofsshould also be incorporated
in the compressible RPA theory to interpret the phase behavior
of polystyreneblockpoly(n-pentyl methacrylate) copolymer,
which exhibits immiscibility looP3-57 The same approach is
performed for neat P8-PNnBMA and binary mixtures with PS
or PnBMA, because PB-PnBMA is expected to have inher-
ently similar directional interaction. The cross-contact interaction
parametet; is identified as;"s without directional interaction
but modified by energy increment 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-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-PNnBMA/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 forbPS-
PnBMA/PS-13 mixture is always higher than that for BS-
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

consequence of the incompressible random-phase approximatiomwe demonstrated in Appendix A, the incompressible RPA theory

(RPA) theory?”2° We found that the predicted spinodal
temperatures based on the incompressible RPA for the-PS-
PnNBMA/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

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 R$PnBMA/PnMA-65

mixture is higher than that of PBPNBMA/PS-68 mixture at a

additional parameter such as the free volume effect (or disparity given volume fraction of homopolymers, especially when the

of the isothermal compressibility) becomes important in deciding
the LDOT.

volume fraction of the homopolymer is larger tha.1 (see
Figure 9). This is not consistent with the RPA prediction (&%\/
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- k v 3 k' 4 ad - "
Figure 7. TEM images of (a) neat PBPnBMA and various compositions of REPNBMA/PS-20 and P8-PnBMA/PnBMA-24 mixture. (b)
80/20 and (c) 60/40 (w/w) PS-PnBMA/PS-20. (d) 80/20, (e) 60/40, and (f) 40/60 (w/w) B&ENBMA/PnBMA-24 mixtures. All samples were
annealed at 190C for 5 days, followed by quenching to room temperature.

o e SRS 100nm Ty - A
Figure 8. TEM images for various compositions of BSPnBMA/PS-68 (a,b) and PBPnBMA/PnBMA-65 (c,d) mixtures. (a) 80/20 and (b)
60/40 (w/w) PSb-PnBMA/PS-68; (c) 80/20 and (d) 60/40 (w/w) RSPnBMA/PnBMA-65. All samples were annealed at 19D for 5 days,
followed by quenching to room temperature.

Figures 11 and 13) that the predicted LODT of the former is microdomain was only observed in PnBMA system. Thus, the

close to (but at least lower than) that of the latter. We consider spinodal temperature predicted by the compressible RPA would
that this discrepancy is due to the complex microdomain changenot predict accurately such microdomain phase boundary when
for PSb-PnBMA/PNBMA-65 blend. For instance, an ill-defined the molecular weight of PNnBMA increases. CDV



Macromolecules, Vol. 39, No. 25, 2006 Phase Behavior of a Binary Mixture8753

(a) 220 300 -
- ] —e—PS-2 (a) (b) ()
210 |- —u—PS-13 - ’ N
I 4 A —a—PS-20 O 250 ’
200 | o —v— PS-68 °;_; ,/
190 |- / 2 !
s 1 /A 5 200 I
< 180} . A = -
5 L o /A v g __________________ - (a) PS-2
3 170f, & = 150 (b) PS-13
= 3 //‘ 5 _ (c) PS-20
160 v 2 100 S (d) PS-68
. TTY——v— ‘a - T
150 I ) (d)
140 " '} " '} " '} " [l " [
50 A Il " 'l A L A L A Il A 1 A
00 01 02 03 04 05 00 01 02 03 04 05 06 07
Volume Fraction of PS Volume Fraction of PS
(b) 220 Figure 11. Plots of the mean-field spinodal temperatures for mi-
L —e—PnBMA-11 crophase separation for the mixture of B®nBMA and PS vs volume
210 |- —s—PnBMA-24 fraction of PS homopolymer as a function of the molecular weight of
I —a—PnBMA-65 PS homopolymer.
200 |-
I 300
190} *
& el 5
Ts 180 i AT & 280
S 170} /° " 2 -
= L ‘./l 2
160 P9<a__ A/A g 200 |
B Q
150 |- £
] © 150 |
140 N 1 N 1 N 1 N 1 N 1 w ..
0.0 0.1 0.2 0.3 0.4 0.5 3
Volume Fraction of PnBMA S 100}
Figure 9. Change of (a) LDOT for PSPNnBMA/PS mixtures with @ L
amount of PS homopolymer and (b) LDOT for PBnBMA/PnBMA 50 T T T T
mixtures with amount of PnBMA homopolymer. 0.0 0.2 0.4 0.6 0.8 1.0
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300 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-
O 250 65.
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Figure 10. Plots of mean-field spinodal temperatures for microphase - (c)
(dotted curve) and macrophase (solid curve) separations for the mixture 50 T T T T T T
of PS-PnBMA and PS-68 vs the volume fraction of PS-68. 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Finally, it is noted that the phase behavior of the mixture of Figure 13. Plots of the mean-field spinodal temperatures for mi-

a block copolymer with LDOT and a homopolymer estimated crophase separation for the mixture of B®nBMA and PnBMA vs

by the mean-field scattering spinodals should be carefully inter- volume fraction of PnBMA homopolymer as a function of the molecular
preted. A more elaborate Landau analysis with the inclusion of Weight of PnBMA homopolymer.

observed microdomains is needed to explain the complete phase

behavior of the mixture. Furthermore, the concentration fluctua- local concentration fluctuations could induce micellization or
tion effects and micellization need to be taken into the microemulsions. This will deserve a future investigation.
consideration. Concentration fluctuation would be more promi- Nonetheless, the mean-field spinodal analysis is still of great
nent for Ab-B copolymer compared with A/B blend. The value in exploring the qualitative or semiquantitative phase
addition of shorter homopolymers enhances the fluctuation behavior of the mixture of a block copolymer with LDOT and
effect. Also, for a region without microphase separation, the a homopolymer. CDV
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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
(S(@)) of an Ab-B copolymer and homopolymer A and B is
given by7729,5%61

—
Q
L

PS-2 PnBMA-11 . -

/ PS-13

[£]
[=3
o

Spinodal temperature (°C)
N
[=]
o

T et “ PrBMA-24 . S
S =UN—-2 ] (A1)
W()
=S +2S + A2a
o enass D) = S0 + 256(0) + Su(@)  (A2)
1 1 b 1 1
e o1 0z 03 04 os W) = Sun(@) S$6(0) — (Sie(@)®  (A2D)
Weight Fraction of PS (or PnBMA) ) ) L
in which §;(qg) is given by
(b) 400
5 Saa(@ = ¢cNcd(F,N) + ¢paNpad(IN,,)  (A3a)
e Su(0) = N1 NQ) — d(f.N) — d(A-F,NJJ2  (A3D)
5 300
8 _ Sa(@) = ¢cNd(d — FNQ + ¢peNugd(INy)  (A3c)
8 N PnBMA-24
E, where ¢c, ¢ua, and ¢pp are the volume fractions of A-B,
= 200 homopolymers A and B, respectiveldc, Nua, andNyg are
B the degrees of polymerization (or numbers of statistical seg-
-g_ ments) for Ab-B, homopolymers A and B, respectively; ahd
) PS-68 ... PnBMA-65 is the volume fraction of component A in the BB. Also,
100 P TP SR T e S d(f,N;) is given by
0.0 0.1 0.2 0.3 0.4 0.5
Weight Fraction of PS(or PnBMA) d(f,N,) = 2[fx, + exp(=fx) — 1]/)(i2 (Ada)
Figure 14. Predicted spinodal temperatures for B&nBMA/PS X = Niq2a1_2/6 (A4b)

(solid curves) and P8-PnBMA/PnBMA (dotted curves) mixtures
by using two different expressions @f (a) from eq A5; (b) from
eq A6. Here, g is the statistical segment length of componént
(= C, HA, and HB).
Two expressions of the Flory segmental interactighfér

4. Conclusion PSb-PnBMA are available in the literatufg®37

We studied phase behaviors of B&®nBMA/PS mixture and _
PSb-PnBMA/PNBMA mixture depending upon molecular % =0.028— 5.8/ from ref 35b (AS)
weight of homopolymer. We found that when the molecular x = 0.024— 4.56lT from ref 37 (AB)

weight of a homopolymer is smaller than half of the corre-
sponding block, LDOT increases (thus miscibility is enhanced). The spinodal temperatures of microphase-separation of the
This is consistent with the phase behavior found for a mixture mixture of an Ab-B and homopolymers A and B are obtained
of a block copolymer with ODT. However, the changes of from 1/g*) — 0, in whichg* is the positive value at which
microdomains for the P8-PnBMA/PS mixture are different  S(q)/W(q) becomes the minimum.
from those of a P®-PnBMA/PnBMA mixture, when the Parts a and b of Figure 14 are the spinodal temperatures for
molecular weight of homopolymer is large. Namely, for the PS- PSh-PnBMA/PS and P®-PnBMA/PNnBMA mixtures calcu-
b-PnBMA/PnBMA-65 mixture, lamellar microdomain structure |ated from egs A5 and A6, respectively. It is noted that even
was destroyed with the addition of 20 wt % of PnBMA though thex-axis is changed into volume fraction of each
homopolymer. On the other hand, for the B&NBMA/PS-68 homopolymer, the predicted LDOT is essentially the same due
mixture, lamellar microdomain structure was maintained for up to similar values of the specific volume of PS (0.9523gh
to 40% of PS homopolymer. It was shown that the qualitative and PnBMA(0.957 ciig). It seems that the predicted phase
aspects in the experimental phase behavior of the copolymerbehavior is consistent with the results given in Figure 9, parts
mixtures are in agreement with the compressible RPA predic- a and b, although the predicted LODT of neatBaBMA is
tions. But, this phase behavior was not predicted by the higher than the measured one. However, when we compare the
incompressible RPA. predicted spinodal temperatures for B®nBMA/PS-13 mixture
and PSb-PnBMA/PnBMA-11 mixture, the prediction is oppo-
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funded by KOSEF. Synchrotron small-angle X-ray scattering difference is small. On the other hand, the measured LDOT for
was performed at PLS beamlines (4C1 and 4C2) supported bythe former was always higher than those for the latter. Thus,
POSCO and KOSEF. we consider that incompressible RPA theory could not pregBR/
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correctly the phase diagram for the mixture consisting of a block respectively. Th&\j is formulated as the second-order derivative

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 RPAAN RPA is an approximation meth-
od to calculate the second-order monom@onomer correlation
function G;@, or equivalentlyS;, and higher-order correlation
functionsG("'s for the analysis of phase segregation in polymer
blends and block copolyme$3%3Recently, one of us success-
fully combined the RPA with the Cho-Sanchez (CS) equation-
of-state model to analyze compressibility effetits!s58.64-65

We consider the mixture of an B-B copolymer of sizeN
with a close-packed (hard-core) volume fractigp and a
homopolymer A of sizgwN with a close-packed volume fraction
¢n. On each copolymer chaifyjndicates a close-packed volume
fraction fori-block, andN; each block size al = fiN. Phase

segregation in the system is characterized by proper order — ﬁe PRy =
parameters. A natural choice of order parameters can be given
as the thermal average of the difference between local density

7i(f) and global density;; of i-constituent ag; = Li(f) — #il
Theya andng are, respectively, related to the overall density

n asna = (¢n + ¢dufa)y andys = ¢ufey. The Landau expansion

of the nonideal part of the CS free energy per system volume
V with respect tay’s agh—45.58.64-65

PRy + BU™NY o,

where 8 = 1KT and v* ( = 76%6) implies the volume of
monomers having a diametetr The contributions fronfFgFY
andU™ in eq B3 are, respectively, denoted lags* and [~
Peii®PAlv*, where these two in the high molecular weight limit
are properly written as follows:

) :§ /. 2
SO T @y

BW,lv* = (B3)

2n

T 3
(1-mn) (84)

and

u(y
ﬁhzeu p

(77)
thjk} )f 817 -

)
— ﬂ(Z’?k{ h E|k

1 (7)
+ PG mave ( ! ) (B5)
n

of the free energy is expressed as a series in the order parametdp €q B5,h«j denotes the characteristjpinteraction parameter

i, where the coefficients in the Landau expansion are called andu(y) =

the vertex function§®. The; can also be expanded as a series
in U;, which is conjugate to the order parametgr The
coefficients appearing in the series fpr are the correlation
functionsG™’s. In estimatingy;, the correlation function&™

(yIC)*n* — (y/C)%p?, with y = 1/v/2 andC = /6,
describes the density dependence of attractive nonbonded
interactions. The numeric prefactty associated withu(y) is
simply f, = 4

In many cases, it is more convenient to use the order

are supposed to be equal to those of noninteracting Gaussiarparametersp; (= @a(f) — yal2y — Ga() — nell2y) and;

copolymer chains, which are denoted @#)°. The external
potentialU; is then substituted witk;&, which is corrected as
Uief = Ui + Wjy; to properly take the interaction effects into
account by an interaction field;.#>58 The W is formulated
from the CS model to include the desired compressibility effects,
and thus includes attractivg interactions and excluded volume

(=ya + ys) instead of the origina);. Here,y1 represents the
fluctuations in either A or B density, ané v, the fluctuations
in free volume fraction. The vertex functidi” in the Landau
expansion of the free energy ip; is then replaced with the
proper vertex functiod®. It should be noted that the sub-
scripts in '™ take 1 and 2, which, respectively, indicate

interactions. The resultant self-consistent field equation is solved andi,, not the constituents. The second-order vertex functions

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 ternfd858.64-65

% =15 = 1/5° + W/kT (B1)
wherek is the Boltzmann’s constant, is the absolute temper-
ature, andg;® is the Gaussian correlation function for the mixture
of an A-b-B copolymers with homopolymer A as

’73]0 = ¢pNO;[0;4d(X,fa) + Ojgd(Xf5)] +
PNOA08I(X,fA)I(X,f5) + PNYLO;0iad(YX,fa) (B2)

The two functionsd(x,f) andg(x,f), are given asl(x,f;) = 2(fix

+ e ™ — 1)X2 andg(xf) = (1 — e ™)/x, respectively, where

X (=g?Ry?) implies the dimensionless square of wave number

with the gyration radiu}y of the copolymer. The symbdj;

indicates the KroneckeY. The overall density 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 & = Fgd + FoEY + U™. The

I'@'s are only written here 4% 456465

[fij(Z)] =
7]2(F 11(2) —2r 12(2) +T 22(2)) nl/2-(I 11(2) - 22(2))
12 «(T @ — T,,%) T, 214+ 1,212+ 1,214

(B6)

It was shown thal'1® [ (ean — €gg) for a symmetric diblock
copolymer. Even for asymmetric copolymerg? is dominated
by the term with éan — €gg), as 15;° ~ O(IN) andLaa
Lgg for high polymers. Thereford,;42 signifies the disparity
in equation-of-state properties between the constituents A and
B_43745

Meanwhile, the equilibrium overall densityis determined
at a given set of temperature and pressure from the following
CS equation of state for high polymets>®

~
~

pﬂze
2

1[30°+7)

12 @y 4010 — 2//0) ]

(B7)

Fod represents the ideal free energy of the noninteracting wherehe implies the average interaction parameter for the given

Gaussian chain system. ThgFY and U™ stand for the contri-

bution to the free energy from the excluded volume effects and

mixture system.
Finally, the spinodals are estimated through the condition of

the attractive interactions between nonbonded monomers,det[S™1] = 0 (or detf§ — ), since scattering experiment C%V
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be considered as @aVT ensemble. Microphase separation is

Macromolecules, Vol. 39, No. 25, 2006

(20) Jeon, K. J.; Roe, R. Macromolecules994 27, 2439.

characterized by this condition with finite scattering vector (21) Kang, C. K. Zin, W. CMacromoleculesi992, 25, 3039.

g* >0, while macrophase separation is signifieddiy= 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 thé8ryarious

molecular parameters should be estimated: the self-interaction

parametek;, the monomer diameter;, the chain sizeN; for
pure polymers, and the parametgy for cross interaction

(22) Spontak, R. J.; Smith, S. D.; Ashraf, Macromoleculesl993 26,
956.

(23) Spontak, R. J.; Smith, S. D.; Ashraf, Macromoleculesl993 26,
5118.

(24) Han, C. D.; Baek, D. M.; Kim, J.; Kimishima, K.; Hashimoto, T.
Macromoleculesl 992 25, 3052.

(25) Baek, D. M.; Han, C. D.; Kim, J. KPolymer1992 33, 4821.

(26) Lowenhaupt, B.; Steurer, A.; Hellmann, G. P.; Gallot,Macromol-
ecules1994 27, 908.

between different polymers. Those parameters for PS (1) and(27) Leibler, L.; Benoit, HPolymer1981, 2, 195.

PnBMA (2) are estimated as follovio;, = 0, = 4.04 A heqi/k
= 4107.0 K,he/k = 3738.2 K,Nyto13/6My,= 0.41857 cri/
0, Noo28/6My,= 0.42042 cri/g. Here, h is the number of

(28) Hong, K. M.; Noolandi, JMacromolecules983 16, 1083.

(29) Whitmore, M. D.; Noolandi, IMacromolecules 985 18, 2486.
(30) Banaszak, M.; Whitmore, M. DIMacromolecules 992 25, 2757.
(31) Matsen, M. WMacromolecules1995 28, 5765.

nonbonded nearest neighbors surrounding a chosen monomer(32) Janert, P. K.; Schick, MMacromolecules.998 31, 1109.

and h ~ 10 for dense polymeric liquids. It is seen that PnBMA
is more compressible than P3,{ < ¢11), which is also

consistent with the fact that the isothermal compressibility (5.1

x 1075 (1/bar)) at 159.3C of PnBMA is larger than that (4.0
x 1075 (1/bar)) of PS homopolymé?.
The directional interaction in the PS/PnBMA system is

(33) Russell, T. P.; Karis, T. E.; Gallot, Y.; Mayes, A. Mature (London)
1994 368 729.

(34) Russell, T. P.; Karis, T. E.; Gallot, Y.; Mayes, A. Macromolecules
1995 28, 1129.

(35) (a) Pollard, M.; Ruzette, A. V.; Mayes, A. M.; Gallot, Y.; Russell, T.
P.Macromoleculed998 31, 6493. (b) Ruzette, A. V. G.; Mayes, A.
M.; Pollard, M.; Russell, T. P.; Hammouda, Bacromolecule2003
36, 3351.

incorporated in the following way. The central concept is to (36) Hasegawa, H.; Sakamoto, N.; Takeno, H.; Jinnai, H.; Hashimoto, T.;

take the 1, 2 cross-contact interaction parametgas a kind

of free energy that possesses not only enthalpic but also entropit’(37)
contributions. Consider that the cross-contact interaction can

be nonspecific with a characteristic energy paraméefand
specific with the energy parametél; + de. The fractiond of

the total number of cross-contacts that are specific is given from

Boltzmann statistics a8 = [1 + d exp( de/kT)] L, where the

symbol d denotes the ratio of the statistical degeneracies of (40)

nonspecific and specific cross-contact interactions. dihper
one cross-contact can then be suggestedas €5 + de —
KTIn[6(1 + d)]. Here, the degeneracy ratitis not taken as an

Schwahn, D.; Frielinghaus, H.; Janben, S.; Imai, M.; Mortensen, K.

J. Phys. Chem. Solids999 60, 1307.

Weidisch, R.; Stamm, M.; Schubert, D. W.; Arnold, M.; Budde, H.;

Horing, S.Macromolecules1999 32, 3405.

(38) Fischer, H.; Weidisch, R.; Stamm, M.; Budde, H.; HoringC8lloid
Polym. Sci.200Q 278 1019.

(39) Jeong, U.; Ryu, D. Y.; Kim, J. KMacromolecule2003 36, 8913.

Li, C.; Lee, D. H.; Kim, J. K.; Ryu, D. Y.; Russell, T. P.

Macromolecule2006 39, 5926.

Sanchez, I. C. IfPolymer Compatibility and IncompatibilitySolc,

K., Ed.; MMI Press: New York, 1982.

(41) Cho, JMacromolecule00Q 33, 2228.

(42) Cho, JMacromolecule001, 34, 1001.

(43) Cho, JJ. Chem. Phys2003 119, 5711.

adjustable parameter, but fixed to 11, which implies the direction (44) €ho, J.J. Chem. Phys2004 120, 9831.

interaction pair is formed only in the limited range of spatial
arrangement of two dissimilar monomers. Finally, to fit the
measured LDOT (166C) for neat PS3-PnBMA with molecular
weight of 67000, the remaining parameter, and de/k, are
adjusted as 0.98368(¢2)"/? and 74 K, respectivel§?
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