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ABSTRACT The ordered structures in the binary mixtures of poly(styrene-block-isoprene) (SI) and 
polystyrene (HS) were investigated as a function of temperature T using small-angle X-ray scattering. The 
mixtures were studied in a regime in which HS is solubilized in polystyrene microdomains of SI, as a function 
of the volume fraction, QHS, and the molecular weight, MHS, of HS as well as the total polymer volume fraction 
Q, (0.66 I 4, I 1) when dioctyl phthalate (DOP) was added to the mixtures as a neutral solvent. The exponent 
n characterizing the temperature dependence of the interdomain distance (D - F) was found to depend 
strongly on QHS and MHS, n increasing with increasing QHS and decreasing MHS. Such a scaling behavior as 
(D - Ds)/Ds - q = ( x . ~  - xom)/xom was found under the condition that xen = A + BQP2/3/T. Here DS 
is the wavelength of the dominant mode of the composition fluctuations in the disordered state, xeff is the 
effective Flory interaction parameter between polystyrene and polyisoprene per segment base in presence 
of DOP when DOP is added to the mixture, and X O ~  is xsff at the order-disorder transition temperature. 

I. Introduction 
In our previous papers of this series,lP2 we reported the 

effects of solubilization of homopolystyrene (HS) on the 
ordered microdomains of a poly(styrene-block-polyiso- 
prene) (SI) diblock polymer. The solubilization of HS 
into polystyrene (PS) microdomains and the resulting 
changes of the microdomain morphology and size were 
systematically investigated as a function of the molecular 
weight (MHs) and the volume fraction of HS ( 4 ~ s )  for the 
solvent-cast films. 

Here we extend the study to investigate the morphology 
and size of the ordered microdomains as a function of 
temperature, T. For example, the interdomain distance, 
D, is studied quantitatively and systematically as a function 
of T, ~ H S ,  MHS,  and 4p as well, where 4p is the total volume 
fraction of the polymers (0.66 I 4p I 1) when dioctyl ph- 
thalate (DOP) was added to the mixtures as a neutral 
solvent. The values D(T;~Hs,MHs,~~)  assessed by the 
small-angle X-ray scattering (SAXS) method, again in a 
regime in which all HS homopolymers are solubilized into 
the PS microdomains, will be analyzed in terms of the 
Flory interaction parameter xeff between PS and poly- 
isoprene (PI) block polymers per segment base, which was 
determined also as a function of T, MHS,  ~ H S ,  and 4p from 
the SAXS analyses in the disordered state.3 

It is worth noting here that there are some earlier 
interesting experimental reports4* on the temperature 
dependence of the ordered microdomains and the order- 
disorder transition for binary mixtures of block polymers 
and the corresponding homopolymers. However, the tem- 
perature change of the ordered microdomains has never 
been analyzed as a function of ~ H S ,  M H S ,  and 4p so 
systematically as we intended to investigate here. 

11. Experimental Methods 
Table I summarizes characteristics of the samples used in this 

work, which are identical with those used in previous papers.'-3 
The method of preparing as-cast films with or without DOP is 
also the same as that used in previous work.'-3 The morphology 
of the microdomains at various temperatures was investigated 
in situ by the SAXS method as previously reported.'+' The mi- 
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Table I 
Characteristics of Polymers Used in This Study 

specimen Mn X S/I (wt '70 /wt % 1 Mw/Mnc 
SI 31.6 48/52b 1.07 
S17 16.7 100/0 1.02 
s10 10.2 100/0 1.02 
SO4 4.4 100/0 1.06 
so2 2.3 100/0 1.10 

Determined by membrane osmometry or vapor pressure osmom- 
etry. Determined by elemental analysis. Determined by size- 
exclusion chromatography. 

crodomains are usually oriented to some extent in the as-cast 
films. The orientation is randomized at 50-80 "C, and the SAXS 
patterns are confirmed to be circularly symmetric about the 
incident beam spot by using a point-focused X-ray beam. This 
is to facilitate the desmearing of the SAXS profiles measured by 
the line-focused X-ray beam with a rather narrow slit heights for 
quantitative estimations Of D( T;QHs,MHs,Q,). The SAXS profiles 
were corrected for absorption, air scattering, the thermal diffuse 
scattering, and slit-height and -width smearing5 as reported 
previou~ly,~~~ unless otherwise stated. 

111. Results and Discussion 
1. SAXS Profiles as a Function of Temperature. 

All the SAXS profiles shown in this section are left 
intentionally smeared, because the first-order scattering 
maxima for some profiles, especially those for lamellar 
microdomains, are too sharp for the conventional des- 
mearing procedures to be applicable. However, all other 
corrections are made. Moreover, the value D was deter- 
mined from the peak positions of the desmeared profiles. 

Figure 1 shows the SAXS profiles for the pure SI block 
polymer at various temperatures. Up to about 120 "C, 
the first-, third- and fifth-order maxima are discernible, 
implying the existence of the alternating lamellar micro- 
domain with a long-range spatial order. The second- and 
fourth-order maxima are suppressed due to the fact2 that 
the volume fraction of one type of lamella is close to 0.5. 
Even a t  higher temperatures up to 180 "C, the first- and 
third-order maxima exist, although their peak intensities 
and positions systematically decrease and shift toward 
larger scattering vector q = (47r/h) sin 8, respectively, where 
h and 219 are the wavelength of the X-ray and the scattering 
angle, respectively. Thus the ordered lamellar micro- 
domains persist up to 180 "C for SI. 
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Figure 1. Smeared SAXS profiles for pure SI block copolymers 
measured in situ at 80-180 OC. 

Figure 2 shows some representative SAXS profiles for 
the binary mixtures of SI and HS (502) with the com- 
positions of 80/20 (part a), 50/50 (part b), and 20/80 (part 
c) a t  various temperatures. We designate hereafter the 
binary mixture of SI and SO2 with the respective com- 
positions of 80 and 20 in weight percent as SI/S02 (80/ 
20). This weight fraction of HS ( WHS) was converted to 
~ H S  for further analysis. Of course ~ H S  = WHS. The 
mixture SI/S02 (80/20) (Figure 2a) shows the higher order 
peaks at  the values q that are integer multiples of that 
(qm1)  for the first-order peak. Up to the fourth-order peaks, 
the third-order peaks are discernible a t  T I 60 "C and 60 
< T 5 220 "C, respectively, indicating existence of the 
lamellar microdomains at  T 5 220 "C. The mixture SI/ 
SO2 (50/50) (Figure 2b) s_how_s th_e higher order peaks at  
the values Q / q m l  of l : d 3 : d 7 : d 9  at  T I 100 "C. The 
peaks at  d 3  and d4 are presumably overlapped. The 
fourth-order peak at  q/qml  = dg disappears a t  T > 120 
"C, but up to the third-order peaks exist a t  least up to 160 
"C, implying the existence of the hexagonally packed 
cylinders a t  T I 160 "C. The mixture SI/S02 (65/35) 
showed also the hexagonally packed cylinders up to 160 
OC, though not shown here. The fourth-order peak existed 
up to a slightly higher temperature, i.e., 120 OC, than the 
case of SI/S02 (50/50). The mixture SI/S02 (20/80) 
(Figure 2c) thaws the first- and second-order peaks at  q/qml 
= 1 and d 2  as marked by thin arrows, due to the inter- 
particle interference of the spherical microdomains. I t  
also shows the broad first- and second-order peaks, as 
marked by thick arrows, due to the intraparticle inter- 
ference of the single spherical microdomain a t  q's 
satisfying qR = 5.765 and 9.10 where R is the average 
radius of the spheres. The peaks at q / q m l  = 1 and v'2 
exist up to 160 OC. The second-order intraparticle peak 
disappears a t  T 2 100 "C, but the corresponding first- 
order peak persists up to a higher temperature, i.e., up to 
T =: 140 "C. Thus the spherical microdomains should 
exist a t  least up to 140 "C. The same conclusion was 
obtained for SI/S02 (35/65), though their SAXS profiles 
are not shown here. 

Figure 3 shows some representative SAXS profiles for 
the mixtures of SI/S04 with the composition of 80/20 
(part a) and 50/50 (part b), while Figures 4 and 5, 
respectively, show those for the mixtures of SI/S10 (BO/ 
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Figure 2. Smeared SAXS profiles for SI SO2 mixtures with 
compositions of (a) 80/20, (b) 50/50, and ( c  i 20180 measured in 
situ at various temperatures. 

20) (Figure 4a), SI/S10 (50/50) (Figure 4b), SI/S17 (80/ 
20) (Figure 5a), and SI/S17 (50/50) (Figure 5b). All the 
mixtures with the 80/20 composition show the lamellar 
microdomain structure for all experimental temperatures, 
regardless of M H S  (cf. Figures 3a, 4a, and 5a). The tem- 
perature dependences of their SAXS profiles are quali- 
tatively similar in that the peak shifts toward large q with 
raising temperature and the fifth-order peak is suppressed 
due to the PI  lamella having a volume fraction close to 
40%. Note that the nth-order peak tends to disappear 
when n4 becomes an integer (4 being the volume fraction 
of one type of domain), because the particle factor of the 
domain tends to go to zero at  the nth-order peak position 
under this condition. However, there are some quanti- 
tative differences as to the peak shift with temperature 
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Figure 3. Smeared SAXS profiles for SI/S04with composit-ms 
of (a) 80/20 and (b) 50/50 measured in situ at various temper- 
atures. 
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Figure 4. Smeared SAXS profiles for SI/S10 with compositions 
of (a) 80/20 and (b) 50/50 measured in situ at various temper- 
atures. 
and the stability of the higher order peak at  higher tem- 
peratures. 

The 50/50 mixtures of SI/S04 and SI/S10 show the 
cylindrical domain structure a t  all the temperatures 
covered in this experiment. The profiles show the peaks, 
as marked by thin arrows, due to the he_xago_nal lattice a t  
the relative peak positions of l , d $ ,  d 4 ,  d7, and d9 up 
to 180 O C ,  and the broad second-order maximum, as 
marked by thick arrows,-due to the single cylinder up to 
160 OC. The peaks at  4 3  and 4 4  for the SI/S04 (50/50) 
are overlapped a t  all temperatures, while those for the 
SI/S10 (50/50) are overlapped at  lower temperatures but 
split a t  higher temperatures (e.g., 140 I T I 180 "C). The 
splitting reflecta further ordering of the hexagonal packing 
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Figures. Smeared SAXS profiles for SI/S17 with compositions 
of (a) 80/20 and (b) 50/50 measured in situ at various temper- 
atures. 

due to thermal motions. The SAXS profiles for the 50/50 
mixtures for SI/S17 (Figure 5b) are distinctly different 
from those for SI/S04 (Figure 3b) and SI/S10 (Figure 
4b). They have three scattering maxima at  the peak 
positions satisfying Qm/Qml = 1-3 (marked by thin arrows) 
a t  all the tempertures and a broad maximum (marked by 
a thick arrow) up to 160 OC, suggesting the existence of 
lamellar microdomains rather than cylindrical micro- 
domains. The broad maximum is due to the first-order 
maximum from the single P I  lamella as previously found 
and quantitatively analyzed.2J0 

The change of morphology from cylindrical to lamellar 
with increasing MHS is due to the fact that the spatial 
distribution of the PS homopolymers solubilized in the 
PS microdomains depends on MHS, as previously dis- 
cussed.2 The low molecular weight homopolymers tend 
to be solubilized uniformly in the domains ("uniform sol- 
ubilization"), but the high molecular weight homopoly- 
mers tend to be solubilized in the middle of the domains 
("localized solubilization"). In the case of uniform sol- 
ubilization, HS swells PS domains both parallel (laterally) 
and normal to the interface (longitudinally). The lateral 
swelling causes some changes in the conformation of PI  
chains and hence in the curvature of the interface, giving 
rise to a driving force for morphological change.2 On the 
other hand, in the localized solubilization, HS swells the 
PS domains only longitudinally but not laterally, which 
induces little change in the PI  chain conformation and 
hence no morphological change.2 

2. Order-Disorder Transition. The order-disorder 
transition (ODT) for the pure SI and the binary mixtures 
of SI/HS occurs a t  high temperatures"J2 where the 
thermal degradation becomes significant. Dioctyl phtha- 
late (DOP) was added to the systems as a neutral solvent 
to lower the ODT temperatures and to circumvent the 
difficulties associated with thermal degradation. The ODT 
temperatures Tb' (K) determined with DOP were then 
converted to those in bulk T b  (K) assuming the relationship 

$,/Ti = 1/Tb 
where 4, is the total volume fraction of the polymer in the 
systems with DOP. It  should be noted that this deter- 
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the first-order maximum exists in the disordered state. 
The temperature dependence of the SAXS profiles a t  T 
5 140 "C is quite different from that a t  T 1 160 "C. In the 
lower temperature region, the SAXS maximum decreases 
in intensity and shifts toward larger q with increasingtem- 
perature. This fact and the fact that there exist the higher 
order maxima (the third-order peak at  q m / q m l  = 4'7) up 
to 130 "C suggest that the mixture is in the ordered state 
at T 5 140 "C  and that the change of the SAXS profiles 
with T is due to that of the segregation power.14-16 At  a 
temperature slightly higher than 140 "C, the peak scat- 
tering vector qmd for the first-order SAXS maximum does 
not shift, but the peak scattered intensity Zm drops with 
increasing temperature. This fact and the fact that the 
SAXS profile does not show the higher order maxima 
indicate that the mixture is in the disordered state a t  T 
2 160 "C. 

Figure 6b shows the inverse of the SAXS scattered 
intensity at q = q m d  (Im-') and the wavelength of the 
dominant mode of the composition fluctuations of PS and 
PI segments, D (=2r/qm1) or Ds (=2?r/qmd), as a function 
of 1 / T. In the disordered state Zm-' decreases approximate- 
ly linearly with 1/T, and Ds is independent of 1/T ,  as 
Leibler's Landau-type mean-field theory predicts.17 The 
deviations from the linear dependence of ZmP1 with T1 
and the increase of D with T', upon further increase of 
T', are believed to reflect an onset of the ordering and 
microdomain formation, as discussed in an earlier paper.12 
In this way, the ODT temperature Tb' was determined. 
All the mixtures SI/HS studied in this work showed the 
ODT over a relatively narrow temperature range, in 
comparison with the systems reported by Bates and his 
c ~ - w o r k e r s ~ ~ J ~  for which the ODT cannot be unequivocally 
determined from the plots of D-' or Ds-' vs T' and Zm-' 
vs T1 only. Surprisingly D or Ds was found to show no 
remarkable change with temperature above and below the 
ODT.'8J9 This difference in the ODT behavior is not well 
understood at present and deserves future study. A small 
curvature in the plot of Zm-l vs T' at  T > Tb' may be due 
to the finite size effect as elaborated by Frederickson and 
Helfand for pure A-B type diblock copolymers.20 xeff (T)  
shown in Figure 6b was determined by the method as fully 
discussed previ~usly,~ in the context of the mean-field 
theory.17@ 

Figure 7 shows the ODT temperature Tb' as a function 
of C#QOP (for the DOP solution of SI) or Tb as a function 
of C#JHS (for the SI/HS mixtures) for various HS with 
different MHS.  The solvent DOP is seen to be most 
effective in lowering ODT. Tb decreases with increasing 

for the lower molecular weight HS (e.g., SI/SO1 and 
SI/S02). Tb does not change much with increasing C$HS 
for the higher molecular weight HS (e.g., SI/SO4, SI/SlO, 
and SI/S17). Tb for SI/S17 first decreases with &.IS and 
then increases with a further increase of &.is. The above 
tendency is in good agreement with that predicted by Nool- 
andi et a1.21*22 

3. Temperature Dependence of D in the Ordered 
State. In this section, we analyzed the wavelength, D, of 
the dominant mode of the composition fluctuations, as 
determined from the first-order SAXS maximum in the 
ordered state 

D = 2*/qm1 (1) 
as a function of T ,  C$HS, MHS,  and &. 

Figure 8 shows a double-logarithmic plot of the tem- 
perature dependence of D for SI and SI/S02 in bulk (a) 
and in DOP (b). The labels L, C, and S attached in each 
curve on D(T) designate hereafter the lamellar, cylindrical, 
and spherical microdomain morphology, respectively. The 
following trends are clearly observed: (i) The values D 

Table I1 
Order-Dieorder Transition Temperatures (Tb')  for a DOP 

Solution and (Tb) for Bulk 
sample composition, vol fraction Tb', Tb,' 

SI 0.66 428 650 
SI/S02 80120 0.74 411 563 

65/35 0.75 381 516 
50150 0.85 428 503 
35/65 0.85 425 500 
20 f 80 0.85 398 468 

SI/S04 80120 0.66 397 602 
50150 0.66 392 606 

SI/S10 80120 0.66 407 615 
50150 0.66 406 617 

SI/S17 80/20 0.66 410 621 
50150 0.66 431 653 

codes w t  % / w t  7% of polym, $JP K K 

Determined from Tb' by assuming $Jp/Tb' = l/Tb. 

Table 111 
Slope n on the  Plot of log D vs log (l/!T') 

n 
sample composition, for for DOP 
codes wt % / w t  % bulk solution 
SI 
SI f so2 80120 

65/35 
501 50 
35/65 
20180 

SI/S04 80/20 
50150 

SI/SlO 80120 
50150 

SI/S17 80120 
50150 

I st-Order Maximum 

0 20 0.25 
( n m ' )  

(a> 

0.333 0.333 
0.500 0.468 
0.518 0.518 
0.689 0.659 
0.742 0.790 
0.825 0.906 
0.458 0.408 
0.601 0.605 
0.527 0.420 
0.520 0.417 
0.437 0.450 
0.409 

T ("C) 

SIlSO2 50150 
Polymer/DOP 

250 

I r 

F igu re  6. (a) Change of the desmeared SAXS profiles for SI/ 
SO2 (50/50) with DOP (4p = 0.85) near the first-order maximum 
with temperatures through the order-disorder transition tem- 
perature. (b) The reciprocal intensity Zm-l a t  q = qmd = 2*/?s, 
D or Ds, and xar as a function of 1/ T for the same system as in 
part a. 

mination of Tb is aimed to provide a very rough estimate 
of Tb for the melt systems without DOP. Equation 11 
together with x = A + B / T  in Table I11 of ref 3 or eq 15 
should be used for more quantitative determination of Tb 
from Tb'. 

Table I1 summarizes C$p used and Tb' determined for 
the SI and the binary mixtures of SI/HS and their cor- 
responding Tb. Figure 6a shows the typical change of the 
SAXS profile for a particular mixture of SI/S02 (50/50) 
in DOP with & = 0.85 with temperature below and above 
the ODT. Here the temperature change of the first-order 
maximum only was highlighted through the ODT, as only 
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Figure 7. Order-disorder transition temperature Tb'(K) for SI/ 
DOP and Tb(K) for SI/HS mixtures with various homopolymer 
molecular weighta MHS as a function of the volume fraction of 
HS ( 4 ~ )  or DOP ( 4 ~ p ) .  Tb's for SI/HS in bulk were converted 
from those for SI/HS with DOP (see text). 
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Figure 8. Change of the wavelength of the dominant mode of 
the composition fluctuations D = 2r/q,l in the ordered state 
(solid lines) or DS in the disordered state (broken lines) with 
temperatures for SI and SI/S02 in bulk (a) and in DOP (b). 
is the total volume fraction of the polymers in SI/S02/DO# 
systems. 

generally decrease with Tin the ordered state (solid curves) 
but remain unchanged in the disordered state (broken 
lines). (ii) The larger the value ~ H S  (-WHS), the larger 
the value D for both the ordered and disordered states, as 
discussed intensively in previous companion papers.lV2 (iii) 
The larger the value ~ H S ,  the larger the temperature 
dependence of D .  The pure block copolymer shows 
approximately 

D - p i 3  (2) 
confirming previous experimental r e p ~ r t s . l ~ f ~ ~  (iv) An 
addition of the neutral solvent DOP decreases D ,  due to 
the decreasing segregation power between PS and PI  
segments, as will be discussed in full detail in section IV 
(cf. parts a and b in Figure 8). The results shown in Figure 
8 suggest that 

(3) 

n = n(4Hs) I 1 / 3  (4) 

D = D(7'&s,4p) - (1/T)" 
and 

where the limiting value l / 3  is obtained for ~ H S  = 0. It  
should be noted that &affects the prefactor of ( l / T ) n  but 
not the exponent n. 

2.7 - 
i 

n 
8 2.5 

< 2.6 
- 
J 

2.4 

I SIIHS 80n0 I 

Figure 9. Change of the wavelength of the dominant mode of 
the composition fluctuations D = 2r/q,l in the ordered state 
(solid lines) or Ds in the disordered state (broken lines) with 
temperatures for SI and SI HS with a given composition of 80/ 

composition of 50/50 in bulk (c) and in DOP (d). 4p has the 
same meaning as in Figure 8. 

20 in bulk (a) and in DOP ( L ) and for SI and SI/HS with a given 

, 
SI/HS 
0 BORDbulk 

B m w P  
A 50150 bulk 

5 
10 20 

0.0 0.3 
0.0 0.5 1.0 0 

MHS x lo-' 

Figure 10. Exponent n in D - T-" as a function of ~ H S  (a) and 
MHS (b). Mps denotes the molecular weight of the PS block chain 
in the SI block copolymer. 

Figure 9 shows the temperature dependence of D for 
SI/HS (80/20) in bulk (a) and in DOP (b) and for SI/HS 
(50/50) in bulk (c) and in DOP (d). In addition to the 
trends i-iv found in Figure 8, D is found to also be a function 
of MHS; i.e. 

D = D ( T ; ~ H s , M H s , ~ ~ )  (5 )  
At a given temperature and qip, D increases with MHS. 
Moreover, as MHS increases, the temperature dependence, 
as characterized by n, decreases. Thus, eq 4 is generalized 
to 

n = n ( 4 ~ ~ f l ~ ~ )  (6) 

Figure 10 summarizes how the slope n, i.e., the tem- 
perature dependence of D ,  depends on ~ H S  (a) and MHS 
(b) for the mixtures in both bulk and DOP. First, it  is 
found that n is independent of the amount of DOP, within 
experimental accuracy. This finding is consistent with 
our earlier finding that D for pure block copolymer is 
qualitatively scaled with xO# 

where the relation of x - 1/T is assumed. If a corre- 
sponding qualitative equation for the binary systems SI/ 
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HS is given by 

D - Xeffn - ($p/T)" (8) 
then n becomes independent of $, as shown in Figure 10, 
and 4, affects the prefactor of T". More quantitatiue 
scaling of D with x or Xeff will be given in the next section. 

(9) 
Le., the larger the HS content, the larger the temperature 
dependence of D (see Figure loa). This trend is seen also 
for other mixtures (SI/S04 and SI/SlO), except for the 
mixture SI/S17, for which n tends to decrease with 
increasing $HS, as shown in Figure lob. Figure 10b shows 
how the value n,  Le., the temperature dependence of D for 
the SI/HS mixtures, depends on MHS for a given $HS. It 
is interesting to note that the coefficient (an/d&&,, 
tends to change with MHS 

For SI/S02 it is found that 
n = 0.66$Hs + 0.33 

Macromolecules, Vol. 24, No. 20, 1991 

< 

IV. Interpretations of D ( z $ ~ s , M ~ s , $ p )  or n = 
11 (~HSJ~ES 1 

The effect of $, on n was given in section 111-3. Let us 
now try to give qualitative interpretations to the effects 
of MHS and $HS on n,  Le., on the temperature dependence 
of D. This is very much related to the solubilization 
behavior of HS in the PS microdomains, as discussed 
previously.'?* and its change with segregation power 
between PS and PI  segments invoked by the temperature 
change, as sketched in Figure 11. 

Figure 11 sketches the change of the domain size 
associated with raising the temperature T from TO to TI 
for a pure A-B diblock copolymer (parts a and b), for 
mixtures of A-B and A homopolymer with relatively small 
molecular weight M H A  so that A tends to be uniformly 
solubilized or to swell uniformly the A microdomains (parts 
c and d for uniform swelling), and for those with relatively 
large MHA so that A tends to be locally solubilized in the 
middle of the domains or to swell locally the A micro- 
domains (parts e and f for the localized swelling). 

For the pure block copolymer, the equilibrium domain 
size is determined by a balance between the entropies, 
which are associated with chain conformation ASm& (and 
hence with the chain stretching) and the placement of the 
chemical junctions at  the interfaces AS,, and the A-B 
contact energy A E  at  the interface, which is associated 
with the segregation power.13-16 By raising temperature 
from TO to TI, the segregation power decreases, resulting 
in the entropies outweighing the energetics. Therefore, 
the chains try to gain more ASconf and AS, by invoking the 
reductions of the domain sizes D from DOA, DOB, and DO 
toDlA, D ~ B ,  and D1, respectively. Needless to say that the 
reductions of D relax the chain stretching (and hence 
increase ASconf) and increase the average distance a 
between the chemical junctions from a0 to a1 (and hence 
increase AS,), in order to satisfy the incompressibility 
requirement. The decreases of D invoke a penalty of 
increasing AE as the interfacial area per unit volume (2) 
increases. However, this penalty is compensated by the 
increased entropies, ASconf and AS,. Thus, the domain 
size decreases with increasing temperature. 

The relatively low molecular weight homopolymers A 
swell the A microdomain more or less uniformly, lv2 which 
increases the thickness of the A microdomain DA from 
DOA to DOAH and the distance a from a0 to aoH and decreases 
the thickness of the B domain DB from DOB to DOBH (cf. 
parts a and c of Figure 11). The decrease of DB is 

TO 

# 

Figure 11. Sketches show the change of the domain size with 
temperature for pure A-B block copolymer (parts a and b), 
mixtures of A-B block copolymers and A homopolymers with a 
relative small molecular weight Mm (parts c and d for the uniform 
solubilization), and the mixtures of A-B block copolymer and A 
with relatively large Mm (parts e and f for the localized solu- 
bilization). The left and right halves of the sketches correspond 
to those at lower (To) and higher temperature (TI), respectively. 
outweighed by the increase of DA, giving rise to a net 
increase of D from Do to DOH. The swelling of the A domain 
involves a further stretching of the A block chains, 
compared with those in pure block copolymer, and hence 
the loss of ASconffor the A block chain. However, this cost 
in the free energy is outweighed by the increase of the 
combinatorial entropy, Ascomb, in the A domain and by 
the increase of ASp, both stabilizing the uniform solubi- 
lization. 

When the temperature is raised from TO to TI, the 
domain shrinks longitudinally from DOAH, DOBH, and DOH 
to &AH, D ~ B H ,  and D ~ H ,  respectively, but expands laterally 
from QOH to alH, for the same reason as discussed above 
for the case of the pure block copolymer. The lateral 
expansion relaxes the stretching of the A block chains and 
hence the A homopolymer chains as well, thus increasing 
ASconf. I t  also increases AS,. These entropy gains well 
comp.ensate the energetic penalty due to the increasing 
a. Ascomb remains unchanged, as the total volume of 
the A microdomain is fixed. These entropy gains by the 
lateral expansion in the mixtures are much greater than 
those in the pure block copolymer giving rise to a greater 
lateral expansion with temperature and hence a greater 
n. It  should be noted that the homopolymers uniformly 
solubilized also are stretched normal to the interface as 
they are in the same field of the block chains.24 Thus the 
relaxation of the chain stretching for the A block chain is 
expected to cause the relaxation of the chain stretching 
for the A homopolymer chains. 
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As M u  increases, the gain of A s c o m b  due to the uniform 
swelling of the homopolymers A becomes increasingly 
small. I t  eventually becomes smaller than the loss of AS,& 
invoked by the swelling, which results in the destabilization 
of the uniform swelling and promotes the localized sol- 
ubilization, as shown in parts e and f of Figure 11. In this 
limit, the localized solubilization becomes stable as it 
involves relaxation of the stretched block chains A and 
hence increasing AS,&, and this increase of AS,,f 
outweighs the cost of decreasing Ascomb invoked by the 
localized sol~bi l izat ion.~~ The localized solubilization 
involves only the longitudinal swelling, hence increasing 
DA from DOA to DOAL, but essentially no changes in a and 
DB. Hence, for a given  HA and a t  a given T,  DOL > DOH, 
hence accounting for the dependence of D on 

When the segregation power is lowered by raising the 
temperature from TO to T I  for the systems with the 
localized swelling, the entropy gains in ASconf and AS, 
drive the lateral expansion from UOL to alL and the 
longitudinal contraction from DOL, DOBL, and DOL to DIAL, 
D ~ B L ,  and D ~ L ,  respectively, for the same reason as 
discussed in the changes of a to b and of c to d in Figure 
11. However, the lateral expansion is expected to be less 
and hence n is smaller for the locally swollen systems than 
for the uniformly swollen systems, as the gain of AS,d is 
much less for the former than for the latter. In other 
words, this is because at  TO the block chains in the former 
have more relaxed conformations than those in the latter. 
Thus, as M u  increases, n becomes small, because A ho- 
mopolymers tend to be solubilized locally to a greater 
extent. For the large Mu, the greater the value of $HA, 
the more likely A homopolymers tend to be solubilized 
locally, hence giving rise to a smaller value of n, which 
may account for the striking phenomenon as given by eq 
lob. 

V. Scaling Behavior of D with x or Xeir 

In the previous section, D was studied as a function of 
T for various values of MHS,  ~ H S ,  and 4,. Here we 
investigate D as a function of a parameter related to the 
segregation power; i.e., Xeff/XODT or fT = IXeff-XODTl/XODT 
in the presence of DOP or X/XODT or ET = Ix - x o m J / x o D T  
in bulk. XODT is the x parameter a t  the ODT. Note that 
x / x o D T  - xN for pure block copolymers with a given 
total degree of polymerization N and a volume fraction of 
one type of block chain f ,  as XODT - 1/N. This expression 
is approximate because of the finite size effect.20 For this 
analysis we utilize the data on the temperature dependence 
of x = x(T;MHs,~Hs) or XeR= X e d ? # p f i H S t 4 H S )  previously 
estimated for the same set of polymers SI/HS from the 
SAXS analysis in the disordered state (see Tables I1 and 
I11 of ref 3). 

Figure 12 shows areduced plot for SI and SI/SO2 systems 
where the Bragg spacing D for the ordered microdomains 
is reduced by the wavelength Ds of the dominant mode 
of the fluctuations in the disordered state. The reduced 
spacing D/Ds was double-logarithmically plotted against 
the reduced interaction parameter XefflXODT for the 
systems with DOP (open symbols) or X I X O D T  for the 
systems without DOP (filled symbols). I t  should be noted 
that x values for bulk systems were estimated from Xeff 
values for the corresponding systems with DOP by 
assuming that 

(11) 
The assumption that underlies eq 11 was fully discussed 
previously.3 

Figure 12 clarifies the following points: (i) D increases 
with increasing segregation power Xeff/XODT or X/XODT, 

Xem = ~ 4 p  = ( A  + B /  7 ? 4 p  

f 
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LO9 ( Xm / Xm, ) Log (x.Jxmr) or Log ( X I X ~ .  1 

Figure 12. Reduced double-logarithmic plots of D/Ds vs x d /  
xom for the systems with DOP (a) (open symbols) or X / X O ~  for 
those without DOP (b) (filled symbols) for SI/S02 mixtures with 
various WHS. The plot assumes X e n  = x&,. D and Ds are the 
wavelength of the dominant mode of the composition fluctuations 
in the ordered and disordered state, respectively, and xom is the 
Flory interaction parameter ( x  or xen) at the order-disorder 
transition. Note that the portion of the plots in part b with small 
yalues of X e R / X O m  (-0.02 5 log ( x e a / x o m )  50.05) was expanded 
in part a. 

I : :  ! : , : , : : :  

/ 4  

bYI" DOP ;/= 
e - yI O.' 1 ;:1;;o;2 6 C meo ///'" 
; 1 , , y&D; , (b) 
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0.00 0.05 
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Figure 13. Reduced double-logarithmic plots of DID8 vs x d /  
xom for the systems with DOP (open symbols) or X / X O ~  for 
those without DOP (filled symbols) for SI SO2 mixtures with 
various WHS. The plot assumes xerr = x&, . 
but (ii) the rate of increase, depends on WHS (part a). (iii) 
For any given compositions of SI/HS, the values D/Ds 
measured as a function of Xeff/XODT for the systems with 
DOP cannot be continuously connected with those mea- 
sured as a function of X/XODT without DOP (part b). Point 
iii showing the discontinuity of the data on D/Ds obtained 
with and without DOP may reflect a problem using eq 11 
for the concentration (4p) dependence of XeR. The same 
trends as seen in Figure 12 were observed for all other 
mixtures SI/HS studied in this work. 

Instead of using eq 11, we tried the empirical relation 

L 

where k is an adjustable parameter to ensure the continuity 
of the data on D/Ds obtained with and without DOP. 
Figure 13 shows the reduced plots for SI (curve 1) and 
SI/SO2 systems (curves 2-6) obtained by using eq 12 
instead of eq 11. As shown in the figure, the data obtained 
with DOP (open symbols) are smoothly connected with 
those obtained without DOP (filled symbols) on the 
reduced plots, although log (DID,) still depends weakly 
on WHS. The same trend was observed for other mixtures 
SI/HS with different molecular weights of HS. Thus it 
follows that - [ X 4 , k / X o D T l m  (13) 
where m is zero in the disordered state, irrespective of 4,, 
~ H S ,  and M H S  covered in our experiment but nonzero in 
the ordered state. The value m in the ordered state 
depends on ~ H S  and MHS; i.e., m = m(f#JHSfiHS). Figure 



5720 Tanaka and Hashimoto 

0.4 

A 

0.2- 

0.0 

Macromolecules, Vol. 24, No. 20, 1991 

VI. Concluding Remark 
The ordered structure of the binary mixtures of SI/HS 

with various homopolymer compositions ( 4 ~ s )  and mo- 
lecular weights (MHs)  was studied as a function of tem- 
perature T, up to the order-disorder transition temper- 
ature, by the SAXS method. The binary mixtures were 
studied in bulk or with an addition of a small amount of 
the neutral solvent DOP. No distinct morphological 
changes were observed in the SAXS profiles with tem- 
perature and the amount of DOP (4s) for the pure SI and 
SI/HS mixtures; i.e., either spherical, cylindrical, or lamel- 
lar morphology was observed over the temperature range 
covered in our experiments. The identity period of the 
microdomain morpholo'gy D generally decreases with tem- 
perature according to eqs 3 and 6 with n increasing with 
increasing @HS and decreasing MHS as discussed in section 
IV. The data on D = D ( T ; ~ H s , M H s , ~ ~ )  were found to give 
an empirical scaling law as given by eqs 14 and 15. 
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Figure 15. Reduced plots on log [(D - Ds)/Dsl vs log [(x.tt - 
XODT)/XODT] in the ordered state for (a) SI/S02 mixtures with 
various WHS and for SI/HS with (b) 80/20 and (c) 50/50 
compositions but with various MHS. Note that the plots include 
the data obtained with and without DOP. 

14 shows the values k for various mixtures SI/HS at  the 
three total polymer concentrations @,,'s. A t  a given @p, 
the value k tends to increase with increasing WHS for SI/ 
SO2 and SI/S04 but with decreasing WHS for SI/Sl7. The 
values k exist in the range between 0.1 and 0.5. 

After trials and errors we found that the universal 
relationship of 

D - D s  Xeff - XODT log [ = a log [ ] + b (14) 
XODT 

with a = 1.006 and b = 0.388 independent of @p, MHS,  and 
@HS was obtained for the ordered state by assuming that 

where A and B are the constants that determine the tem- 
perature dependence of x for PS and PI segments in bulk; 
i.e., x = A + B / T  (see Table 111 of ref 3). Figure 15 
demonstrates the universality of the relationship given by 
eq 14 for (a) SI and SI/S02 with various WHS, (b) SI and 
SI/HS with various MHS but a fixed composition of 80/ 
20, and (c) the same as b except for a different composition 
of 50150. The plots include the data obtained with and 
without DOP. Somewhat greater deviations of the data 
points for SI/SlO and SI/S17 in part c, compared with 
those for other systems, may reflect the difference in the 
solubilization behavior as discussed in section IV (i,e., 
localized vs uniform solubilization). The concentration 
dependence of Xeff in eq 15 should be experimentally 
checked in future. 
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