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ABSTRACT The morphology and phase behavior of blends of a lightly sulfonated styrenic block copolymer 
ionomer and poly(capro1actone) (PCL) were investigated by small-angle X-ray scattering and differential 
scanning calorimetry. Miscibility of PCL in the ionomeric microphase was enhanced due to exothermic 
interactions between the sulfonate groups and the polyester. In the blends, PCL exhibited unique crystallization 
behavior due to the effects of miscibility and the restriction imposed by the microdomains. The addition of 
PCL also changed the microstructure of the block copolymer from aless ordered, elongated spherical morphology 
to a well-defined lamellar arrangement. 

Introduction 
The ordered microstructure and phase behavior of 

mixtures containing a block copolymer and a homopolymer 
are of considerable contemporary The addition 
of a homopolymer that is miscible with one of the block 
segments can dramatically change the microstructures and 
properties of the block copolymer. Because of the poor 
thermodynamic miscibility of most polymer pairs, however, 
the choice of miscible homopolymers to blend with block 
copolymers is limited. Most previous studies have involved 
homopolymers having repeat units identical with one of 
the blocks of the block copolymers, e.g., blends of 
polystyrene with a styrenic block c o p ~ l y m e r ~ ? ~  or poly- 
butadiene with a styrene-butadiene di- or triblock co- 
polymer.2 Relatively few studies have considered blends 
where the homopolymer is different from either of the 
segments of the block copolymer but still miscible with 
one of blocks.a10 

One important difference between a homopolymer (HP)/ 
block copolymer (BC) blend and a HP/HP blend is that 
there is always a solubility limit of HP  in the microdomains 
of a BC, even when the corresponding HP/HP blend is 
completely miscible a t  all compositions. Theoretical and 
experimental investigations have shown that the solubility 
limit is a strong function of the molecular weight ratio 
( M ~ M B )  of homopolymer ( M H )  and the block segment 
(MB). For example, for an athermal blend of polystyrene 
HP  and a styrenic block copolymer, high solubility requires 
that MH/MB I 1. The question considered in the present 
paper is whether this restriction holds in systems where 
specific interactions occur between the HP  and the BC. 
That is, in strongly interacting systems, is it possible to 
achieve a high level of solubility even when MH/MB is 
substantially larger than unity? 

Miscibility of polystyrene homopolymer (PSI with many 
heteroatom polymers can be significantly enhanced by 
incorporating relatively small amounts of sulfonic acid or 
metal sulfonate groups into PS.11-13 That result suggests 
that the miscibility of heteroatom polymers with the 
polystyrene block (b-PS) of a styrenic block copolymer 
may be achieved by lightly sulfonating the b-PS. Such 
sulfonated styrenic block copolymers were recently re- 
ported by our 1ab0ratory.l~ One of the most important 
advantages of using a sulfonated PS (or b-PS) in a blend 
is that the nature and strength of the specific interactions 
with another HP  can be adjusted by the choice of the 
sulfonation level and/or the choice of the cation.l6 This 
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fact presents opportunities for a broad examination of 
specific interaction effects on the microdomain structure 
and solubility limit of BC/HP blends, as well as for 
improving the properties of BC’s by incorporation of 
miscible HP’s. 

It is well established that miscibility in HP/HP blends 
is usually due to exothermic interactions between the two 
polymers. In a HP/BC blend, the relationship between 
solubility and specific interactions is more complicated, 
through one expects a priori that the solubility of the HP  
in a block of the BC should increase with increasing 
strength of the specific interactions for a given molecular 
weight ratio MH/MB. 

Blends involving crystallizable components are also of 
considerable practical interest. Many studies of crystal- 
lization behavior in HP/HP blends have been reported in 
the past several decades.1e1g For a miscible blend, the 
crystallinity and melting point decrease as the concen- 
tration of the noncrystallizable component increases. The 
crystallization behavior of crystalline-amorphous block 
copolymers has also been investigated.20-23 Compared with 
the corresponding HP/HP blend, the melting point for a 
crystallizable segment of a BC usually exhibits a larger 
decrease due to the size restriction presented by the 
microdomains of the block copolymer. A second question 
probed in the present paper is how is the crystallization 
of a crystallizable H P  affected by blending it with an 
amorphous BC. Little knowledge about this aspect of HP/ 
BC blends is available in the literature. Both the BC 
microstructure and the solubility of the H P  in the domains 
of a BC should influence the crystallization behavior, which 
is likely to be different from that in a HP/HP blend or in 
a neat block copolymer with a crystallizable block. 

In this paper, we describe blends of a semicrystalline 
HP, poly(capro1actone) (PCL), with a lightly sulfonated 
styrene/ethylenebutylene/styrene triblock copolymer 
(SSEBS). This system was chosen to address the two 
questions raised in the preceding paragraphs: (1) lightly 
sulfonated PS (SPS) is totally miscible with PCL over the 
sulfonation range from ca. 5 to 13 mol % and (2) PCL is 
a crystallizable polymer, so studies of its blends with 
SSEBS will provide an insight into how a restricted 
geometry, i.e., the BC microdomains, affects the crystal- 
lization behavior of PCL. Studies of blends of SSEBS 
and PCL will reveal how the microstructure of a BC affects 
miscibility when strong intermolecular interactions occur 
between those components. In this blend system, a 
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complicated morphology is anticipated because of mi- 
crophase separation of the BC and crystallization of PCL. 
Small-angle X-ray scattering (SAXS) was used to  char- 
acterize the  morphology of the blends, and  the  phase 
behavior and crystallization of the blends were investigated 
by differential scanning calorimetry (DSC). 
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Experimental Section 

Materials. The sulfonated styrene/ethylenebutylene/styrene 
triblock copolymer was prepared by sulfonating a hydrogenated 
poly(styrene/butadiene/styrene) triblock copolymer, Kraton 
1652, obtained from Shell Development Co. After hydrogenation, 
the midblock was essentially a random copolymer of ethylene 
and butylene. The SEBS had an M, = 50 000 and a composition 
of 29.8 wt ?4 styrene. The sulfonation procedure has been 
described elsewhere." The sulfonation level of the SSEBS was 
determined to be 8.3 mol % by titration of the acid form of the 
functionalized copolymer in a toluene/methanol (90/10, v/v) 
solution with methanolic sodium hydroxide (NaOH). 

Sulfonated polystyrene (SPS) was prepared in a similar 
manner, following the procedure described by Makowski et al.24 
The starting PS was a commercial product of Dow Chemical Co., 
Styron 666, and had an M, = 106000 and M, = 288000, as 
determined by gel permeation chromatography. The sulfonation 
level was determined by titration of SPS in a toluene/methanol 
solution with methanolic NaOH. 

PCL with an M, = 40 000 was purchased from Polysciences 
Inc. 

Blend Preparation. SSEBS (sulfonic acid derivative) and 
PCL were dissolved in the desired proportions in a common mixed 
solvent of toluene/methanol (95/5, v/v) to produce a 5% (wiv) 
blend solution. Films were cast from solution in air at room 
temperature and then dried to constant weight under vacuum. 
Blends of SPS and PCL were also prepared by mixing in solution; 
however, because the solubility of SPS in toluene was poor, it 
was first dissolved in tetrahydrofuran (THF) and then diluted 
with toluene to achieve a 50/50 (v/v) mixture of the two solvents. 
A solution of the PCL in toluene was added dropwise to a stirred 
SPS solution. Films of the blends were cast from solution at ca. 
75 OC, which is above the melting point of the PCL, so that the 
miscibility of the blends could be assessed by the film trans- 
parency without the complication of PCL crystallinity. 

Differential Scanning Calorimetry. Thermal analyses of 
the blends were carried out with a Perkin-Elmer DSC 7 using a 
heating rate of 20 OC/min. The glass transition temperature 
(T,) was defined as the midpoint of the change in the specific 
heat, and the melting point (T,) was taken as the maximum of 
the melting endotherm. The effect of thermal history on the 
crystallization behavior and melting point of the blends was 
examined by employing various cooling and heating rates between 
2.5 and 40 OC/min. 

Small-Angle X-ray Scattering. Small-angle X-ray scat- 
tering (SAXS) experiments were performed on the SUNY X3A2 
Beamline at the National Synchrotron Light Source, Brookhaven 
National Laboratory. The data were collected with a linear 
position-sensitive detector with a usable length of 4.5 cm. The 
sample-to-detector distance and X-ray wavelength were 132 cm 
and 0.154 nm, respectively. These conditions give a measurable 
scattering vector, q = 0.06-1.2 nm-l, where q = (47r/X) sin 8, X is 
the X-ray wavelength and 28 is the scattering angle. All the data 
were corrected for detector sensitivity, parasitic and background 
scattering, and sample absorption. The background correction 
factor was determined by fitting the high-q region according to  
the theory of Porod.26 

Results and nisciission 

Miscibility of SPS and PCL. It is instructive t o  first 
consider t he  miscibility of SPS and PCL, because this will 
provide a useful reference for assessing the  miscibility of 
SSEBS and PCL. Miscibility of SPS and  PCL was in- 
vestigated in the  sulfonation range of 1-23 mol % .  The  
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Figure 1. DSC thermograms of 50/50 SPS/PCL blends as a 
function of sulfonation level: (1) 0, (2) 3, (3) 5, (4) 8, (5) 13, (6) 
16 mol % sulfonation. The glass transition temperatures are 
indicated by the arrows. 

I 

J 
20 -I 
151 O O 

M a  of sps 
Figure 2. Miscibility of SPS/PCL blends as a function of 
composition and sulfonation level. 

criteria used here for miscibility were optical clarity above 
the  T,  of the  PCL and  a single, composition-dependent 

Figure 1 shows the  DSC thermograms of 50/50 (w/w) 
SPS (sulfonic acid derivative)/PCL blends as a function 
of t he  sulfonation level. PS was immiscible with PCL, as 
is evident by the  observation of two Tg's t ha t  corresponded 
to those of the two constituent polymers and the  opacity 
of t h e  melt  above T ,  of the  PCL. Over a sulfonation range 
of 5-13 mol %, the SPS/PCL blends were miscible, as 
indicated by a single Tg and by the  transparency of t he  
melts. Below 5% and above 13 % sulfonation, t h e  blends 
were partially miscible; Le., they exhibited two Tis ,  but  
those were shifted t o  higher and  lower temperatures than  
the  respective Tg's of PCL and  SPS. Miscibility of SPS 
with P C L  also resulted in a depression of T, and  a large 
reduction in the  crystallinity. 

Figure 2 shows a miscibility diagram for t he  SPS/PCL 
system as a function of the blend composition and  the  
sulfonation level. T h e  optimum condition for miscibility 
was at ca. 8 mol % sulfonation, which was the midpoint 
of t h e  miscibility window. This was the  sulfonation target 

Tg. 
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Figure 3. DSC thermograms of SSEBS/PCL blends as a function 
of composition between 0 and 57 '36 PCL. The glass transition 
temperatures of the b-SPS/PCL phase are indicated by the 
arrows. 

chosen for studying the PCL/SSEBS blend, though the 
actual sulfonation level of the SSEBS was 8.3 mol % . 

Miscibility of SSEBS and PCL. The neat SSEBS 
had a microphase-separated microstructure that consisted 
of a rubbery continuous phase of poly(ethy1ene-co- 
butylene) and hard microdomains of block SPS (b-SPS). 
The rubbery block had a Tg at  ca. -40 OC, and the b-SPS 
had a broad glass transition centered at  ca. 79 "C. The 
broadening of the Tg of the b-SPS was probably due to a 
distribution of domain sizes resulting from imperfect 
formation of the self-assembled microstructure. Figure 3 
shows the DSC thermograms for the 8.3-SSEBS/PCL 
blends containing 0,15,27,46, and 57 9% (by weight) PCL 
based on the mass of the b-SPS phase. A very broad 
endotherm between ca. -20 and +20 "C is probably due 
to melting of very small crystallites formed by long 
sequences of ethylene. 

The addition of 15% PCL to the SSEBS lowered the 
Tg of the hard phase from ca. 79 OC to ca. 58 OC but had 
no influence on the Tg of the rubbery phase. This indicates 
that the PCL dissolved only in the b-SPS microdomains. 
Increasing the PCL concentration to 27 % decreased the 
Tg of the hard phase to ca. 54 OC, and a very weak 
endotherm also appeared at  31 "C. This small endotherm 
was most probably due to crystallization of the PCL that 
occurred in the solution-cast blend even though the PCL 
concentration was relatively low. Because T,  was ca. 30 
OC lower than that of the neat PCL, the crystallites formed 
in this blend must have been very small and imperfect. 
This suggests that the PCL crystallized within the 
restricted geometry of the SPS microdomain, as will be 
shown by the SAXS data discussed later in this paper. 
That is, the growth of the PCL crystallites was constrained 
by the size of the microdomains, which was on the order 
of 20-30 nm. Cast films containing 15% and 27% PCL 
were optically transparent, which is an additional indi- 
cation that all the PCL was contained within the micro- 
domain; i.e., the size of the domain was too small to scatter 
visible light. 

At  higher PCL concentrations, the Tg of the hard phase 
was no longer resolved because of the interference of 
melting endotherms that occurred in the same temperature 

region. For 57 7% PCL, two endotherms were observed at  
45.5 and 58 "C, respectively. There are two possible origins 
of the twoendotherms: (1) they correspond to two different 
populations of PCL crystallites, e.g., inside and outside 
the b-SPS microdomains, or (2) they result from pre- 
melting, followed by recrystallization and remelting, which 
is often observed in homopolymers or HP/HP blends. As 
will be discussed later in this paper, the first explanation 
is believed to be the correct one, and these results indicate 
that the solubility limit of PCL in the b-SPS microdomains 
is ca. 46% PCL. Above that concentration, PCL phase 
separates from the block copolymer. 

The solubility limit of a HP  in the ordered microdomains 
of a BC is expected to depend on the molecular weight 
ratio of the HP  and the appropriate block of the BC (MH/ 
MB) ,  any specific interactions between the HP  and the 
BC, the microstructure geometry, and temperature. Var- 
ious thermodynamic the~r i e s l ?~  predict the solubility 
behavior of a homopolymer in a block copolymer, but 
those theories only consider athermal mixtures where 
the HP  is chemically identical to one block of the 
copolymer. For example, Meier' predicted that significant 
solubility of a HP  in a BC occurs only when MH/MB I 1. 
If the BC microstructure is lamellar and the MH/MB = 1, 
the maximum solubility of homopolymer A in the A phase 
of an AB or ABA block copolymer is predicted to be ca. 
14%. 

The solution-cast SSEBS/PCL blend had a lamellar 
microstructure as determined by SAXS and a molecular 
weight ratio, MH/MB - 5.3, far in excess of unity. 
Nevertheless, the DSC data indicate that the solubility 
limit within the b-SPS was ca. 46% PCL, which is much 
higher than predicted by the available the0ries.l~~ This is 
not totally unexpected, since those theories do not consider 
the effects of strong enthalpic interactions. For the PCL/ 
SSEBS blends, hydrogen bonding between the sulfonic 
acid groups of the b-SPS and the ester groups of the PCL 
is possible, and, on the basis of the results for this system, 
one may postulate that the solubility limit for an HP/BC 
blend increases as the magnitude of the interactions 
increases. 

Melting Behavior of SSEBS/PCL Blends. Figure 
4 shows the heating thermograms of the SSEBS/PCL 
blends cast from solution. The melting temperatures and 
melting enthalpies as a function of composition are 
summarized in Table I. As expected, blending PCL with 
the SSEBS significantly affected the melting behavior of 
the PCL; see Figure 4. A single endotherm at  ca. 65 "C 
was observed for the neat PCL, but multiple endotherms 
were observed for all the blends containing 157 % PCL. 
Even when the blend contained only 3 % of the SPS block, 
this multiple melting behavior was seen, but the details 
of the multiple melting endotherms varied with the blend 
composition. With increasing PCL concentration, the 
higher temperature endotherm, hereafter referred to as 
the a-endotherm, increased in intensity relative to the 
lower temperature endotherm, the /3-endotherm. In the 
literature, different explanations have been advanced to 
account for multiple melting behavior. Multiple melting 
endotherms may stem from concurrent melting and 
recrystallization,26 which is the case in many homopolymers 
or miscible HP/HP blends crystallized from the melt. On 
the other hand, multiple melting endotherms can also 
result from a complex sample morphology, e.g., when a 
polymer crystallizes in different phases in a multiphase 
system. This may have been the case for the PCL/SSEBS 
blends, which certainly have a complex microstructure. 
The origin of the multiple melting in the SSEBS/PCL 
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Figure 4. DSC thermograms of SSEBS/PCL blendsas afunction 
of composition between 27 and 97 % PCL. 

Table I. DSC Melting Point Data for Solution-Cast PCL/ 
SSEBS Blends 

sample Tm,u ("C) ".a (Jig) Tm.6 ("c) " . E  (Jig) 
100% PCL 63.0 
97% PCL 62.8 98.3 48.8 4.5 
89% PCL 62.3 38.1 52.5 3.8 
77% PCL 62.5 16.5 53.0 3.1 

13.5 57% PCL 58.0 8.9 45.5 
46% PCL 42.6 i . t  

27% PCL 31.0 0.8 

m n  

blends is of particular interest, since the composition 
dependency of the multiple melting endotherms may 
provide information about the miscibility of the PCL in 
the sulfonated styrene microdomains. 

The origin of the multiple melting endotherms in these 
blends was resolved by using variable-rate heating and 
cooling DSC studies. Figure 5 shows the effect of the 
heating rate on the melting behavior of a solution-cast 
blend of 57 % PCL. If the double endotherm were due to 
premelting/recrystallization/melting of the PCL, resolu- 
tion of two separate endotherms should disappear as the 
heating rate is increased. Instead, the separation between 
the CY- and @endotherms was relatively insensitive to 
heating rate, which indicates two separate thermal events 
were occurring. The shifts in the peaks in Figure 5 were 
due to inertial effects that affect the temperature Cali- 
bration of the instrument; the temperatures in Figure 5 
were not corrected for this. This result indicates that the 
a-endotherm and @-endotherms must be due to different 
PCL morphologies, and the most likely explanation for 
this is that distinctly different crystallite sizes existed 
within the b-SPS microdomains and in a separate PCL 
phase within the rubbery matrix. 

The crystallization of the PCL should also be sensitive 
to its environment. If there were only one environment, 
e.g., if all the PCL were in the b-SPS microdomains, there 
should be only one distinguishable crystallization exotherm 

nh 
-1 
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I 
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Figure 5. Effect of heating rate on the melting behavior of a 
43% SSEBS/57% PCL blend. 

I 

Temperature( "C) 
Figure 6. Effect of cooling rate on the crystallization behavior 
of the neat SSEBS and a 43% SSEBS/57% PCL blend. 
when the sample was cooled in the DSC. Alternatively, 
if there are multiple environments of the PCL, multiple 
crystallization exotherms are possible. Therefore, the DSC 
cooling scans of the blends should also distinguish between 
the two explanations for the origin of the multiple melting 
endotherms. Figure 6 shows the cooling thermograms of 
the 57 % PCL blend for two different cooling rates and a 
cooling thermogram for the neat SSEBS. Three exotherms 
were observed in each cooling scan for the blend, and the 
cooling rate affected only the transition temperatures, 
which was a kinetic effect, and not the relative positions 
of the peaks. The middle exotherm at -10 O C  was due 
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to a small amount of crystallization of the rubbery block 
of the BC, as evident by a similar exotherm in the neat 
SSEBS. The other two exotherms are presumed to 
correspond to the two PCL melting endotherms observed 
in the heating scans for the blends. This result is consistent 
with the conclusion made in the preceding paragraph that 
there are two different environments for the PCL. The 
composition of the phase should affect the crystallization 
temperature of the PC, and, on this basis, we assigned the 
higher temperature exotherm to a separate, PCL mac- 
rophase and the lower temperature exotherm to crystal- 
lization of PCL within the b-SPS microdomains. In the 
latter case, the depression of the crystallization temper- 
ature was probably due to the strong intermolecular 
interactions between the two polymers, which also led to 
enhanced miscibility of the PCL in the b-SPS, and the 
small crystallite size required in the b-SPS microdomains. 
The change of the appearance of the films from transparent 
to translucent when the PCL content exceeded 46 % also 
indicates the formation of a dispersed phase large enough 
to scatter light, Le., pm-sized PCL crystallites. 

Since the occurrence of multiple melting endotherms 
results from phase separation of the PCL from the b-SPS 
microdomains, the variation of the melting behavior with 
blend composition provides a useful way to estimate the 
solubility limit of the PCL in the b-SPS. As shown in 
Figure 4, the a-endotherm, characteristic of the phase 
separation of PCL from the b-SPS microdomains, is absent 
until the PCL concentration reaches 4696, while the 
0-endotherm, indicative of the crystallization within the 
microdomain, is clearly present in the 57% PCL blend. 
From the observed melting behavior of the blends, the 
maximum solubility of PCL in the b-SPS was estimated 
to be -46% PCL. 

The value of T, can also provide useful information 
about miscibility and morphology of a blend. T m  of a 
miscible blend is expected to decrease with the addition 
of the noncrystallizable component because of both 
morphological effects27 and thermodynamic effects.28 As 
shown in Figure 4, the melting temperature of the 
a-endotherm was nearly independent of composition, 
especially when the PCL concentration was 177 76. This 
again suggests that the a-endotherm represents a nearly 
pure PCL phase. 

The observation of premelting followed by recrystal- 
lization and remelting in a DSC heating scan is still possible 
if a sufficiently low heating rate is employed. For example, 
when a heating rate of 2.5 "C/min was used, two very weak 
endotherms occurred on the lower temperature sides of 
the a-endotherm and 0-endotherm (Figure 5).  These two 
events, which were not resolved at  higher heating rates, 
may very well have been due to the premelting of the 
PCL. 

The conclusion that the double endotherm was due to 
different PCL morphologies was further assessed by 
examining the effect of annealing temperature on the DSC 
thermograms. Figure 7 shows the melting behavior as a 
function of annealing temperature for a blend with 57 % 
PCL. In order to eliminate any influence of the sample 
history, the sample was heated to 70 "C, held there for 5 
min, then quenched to the annealing temperature, and 
held for 30 min. When the sample was annealed at 20 "C, 
the a- and @-endotherms were too close to be clearly 
resolved. When the annealing temperature was increased 
to 25 "C, however, four endotherms (denoted 82, @, a, and 
a 2  in order of increasing temperature) were observed in 
the subsequent heating thermogram. Both the a- and 
@-endotherms shifted to higher temperature and separated 

--AflL annealed at 20°C 

25°C JAiA - I ' I \  

1 4 ,  
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Figure 7. Effect of annealing temperature on the melting 
behavior of a 43% SSEBS/57% PCL blend. 
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Figure 8. Hoffman-Weeks plot for a 43% SSEBS/57% PCL 
blend. 

with respect to each other as the annealing temperature 
increased. The differences in the effect of annealing 
temperature on the two endotherms further confirmed 
that they arose from two different morphologies. When 
the blend was annealed at 35 "C, the a2-endotherm was 
no longer observed. The four melting peaks are plotted 
as a function of the annealing temperature in Figure 8. 
Neither the as-endotherm nor the &endotherm was 
particularly sensitive to the annealing temperature, which 
suggests that these events originated with the cooling or 
reheating of the blend and not with annealing. The a- 
and @-endotherms, however, increased linearly with an- 
nealing temperature. Following the method of Hoffman 
and Weeks,29 equilibrium melting points corresponding 
to the a- and @-endotherms were calculated to be 64.1 and 
49.2 "C, respectively. The former value is very close to 
the T, of pure PCL (63.5 "C), which is not unexpected if 
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Figure 9. Lorentz-corrected SAXS profiles for SSEBS and 
SSEBSiPCL blends. 

as discussed earlier this event arises from phase separation 
of a fairly pure PCL phase. 

Microstructure of SSEBS/PCL Blends. Small-angle 
X-ray scattering (SAXS) patterns of the blends containing 
0-46% PCL are shows in Figure 9. The neat SSEBS 
exhibited only a broad SAXS peak at ca. q = 0.251 nm-l. 
The absence of higher order SAXS maxima and trans- 
mission electron microscopy images of the BC micro- 
structure30 indicated that the neat SSEBS possessed a 
poorly ordered microstructure, probably due to the strong 
ionic associations within the SPS blocks that prevent that 
block from self-assembly. After the addition of 15% PCL, 
however, two higher order scattering maxima were re- 
solved. The positions of those peaks in q-space corre- 
sponded to a ratio of 1:2:3, which is indicative of a well- 
defined lamellar microstructure. Increasing the PCL 
concentration to 27 ‘5% resulted in further resolution of the 
higher order scattering peaks. 

The microstructure variation with the addition of PCL 
to SSEBS can be understood from both kinetic and 
thermodynamic considerations. First, miscibility of PCL 
with the b-SPS hard phase significantly lowered the hard- 
phase Tg and also disrupted the ionic associations within 
the b-SPS phase. This increased the mobility of the 
component blocks and facilitated formation of a well- 
ordered microstructure. Second, swelling the b-SPS phase 
with PCL increased the volume fraction of the hard phase 
sufficiently to make a lamellar microstructure more 
thermodynamically favorable. Finally, since the electron 
density of the PCL (0.596 mol electron/cm3) is higher than 
that of the b-SPS (0.575 mol electron/cm3), the addition 
of the PCL to the b-SPS hard phase enhanced the electron 
contrast between the hard phase and rubbery phase (0.486 
mol electron/cm3), which increased the SAXS intensity. 

When the PCL concentration was increased to 46%, 
the microstructure of the blend became less ordered, as 
evidenced by the loss of resolution in the SAXS pattern 
in Figure 9. Although the first three maxima were 
detected, indicating that the microstructure remained 
lamellar, the peaks were severely broadened. This indi- 
cates significant concentration fluctuations were present 
within the microdomains. As shown by DSC (Figure 41, 
a t  this composition a portion of the PCL crystallized within 
the b-SPS microdomains, which was very likely responsible 
for the broadening of the SAXS peaks in Figure 9. Because 
of the volume restrictions posed by the b-SPS micro- 
domains, the PCL crystallites formed within them must 
be very small, which is consistent with the low T ,  that 
was measured by DSC. No new peaks corresponding to 

24 
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Wpcl/(l-Wpcl) 
Figure 10. Average nearest-neighbor distance of the micro- 
domains for the SSEBS/PCL blends. 

a long spacing for PCL crystallites were observed by SAXS. 
The real space range covered by these SAXS measurementa 
was ca. 2-30 nm. It is highly unlikely that there could be 
a long spacing for the PCL crystallites of less than 2 nm, 
and it is also impossible for the long spacing to exceed the 
thickness of the BC lamellae, which was ca. 25-30 nm. 
Therefore, any scattering due to the long spacing of PCL 
crystallites in the microdomains must have occurred within 
the q-range used here. Since the long spacing of the PCL 
crystallites must be controlled by the BC microstructure, 
a distribution of lamellar thicknesses and long spacings 
would explain the broadening of the SAXS patterns shown 
in Figure 9. 

The first-order scattering peak in Figure 9 is related to 
the average nearest-neighbor distance D between the BC 
microdomains by the following equation: 

D = 2 r / q ,  (1) 
where qm is the position of the first-order scattering 
maximum. If the lamellar microstructure persists and 
the EB lamellar thickness does not change appreciably 
upon the addition of PCL D is related to the PCL 
concentration by30 

D = D8{1 + (Vs/vpC~)[WpcJ(l- Wpc~llI (2) 
where D, is the average nearest-neighbor distance in the 
neat SSEBS, VS and V p c ~  are the specific volumes of 
SSEBS and PCL, respectively, and the mass fraction of 
PCL, WPCL, is based on the total mass of the hard and soft 
phases. According to eq 2, a plot of D vs Wpcd(1- W p d I  
should give a straight line if the lamellar microstructure 
and miscibility of the blend are independent of PCL 
content. D is plotted against Wpcd(1- Wpc~) in Figure 
10. The linearity of the data for the blends containing 
15-47 % PCL indicates that, over this concentration range, 
PCL was miscible with the b-SPS microdomains and the 
blends have similar lamellar microstructures. The ex- 
perimental D for the neat SSEBS, however, was lower 
than that determined from a linear extrapolation of the 
data for the blends using eq 2. This may be a consequence 
of a nonlamellar morphology of the neat SEBS. The reason 
for this may be that the microstructure in neat SSEBS 
was not lamellar; transmission electron microscopy (not 
shown) indicated that the actual microstructure was 
intermediate between spherical and cylindri~al.3~ 
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Figure 11. Comparison of experimental and predicted values 
of Q/ (pb  - pJ2 as a function of 4hqh for SSEBWPCL blends. 

Additional information about the microphase separation 
of the SSEBS/PCL blends can be determined from the 
scattering invariant, Q, of the system. For a two-phase 
system with a sharp interface, the scattering invariant is 
directly related to the volume fraction of the microdomains 
by 
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0% PCL 

(3) 

where V, p,  and 4 are the total scattering volume, the 
electron density, and the volume fraction of the phases. 
The subscripts h and r refer to the hard phase (b-SPS) 
and rubbery phase (EB block), respectively. Since (Ph - 
pr)' and 4h$r (when ($h < 0.5) will increase by the addition 
of PCL, eq 3 predicts that Q should increase if the PCL 
is contained within the b-SPS microdomains. 

The experimental Q/(f#Jh - &)2 vs && are compared 
with the prediction of eq 3 in Figure 11. For the neat 
SSEBS, the Q calculated from the SAXS pattern is almost 
60% lower than the value predicted by eq 3. Such a low 
Q reflects a poorly ordered microstructure with possibly 
a broad interphase. As explainedearlier, the poorly defined 
microstructure might be a consequence of the strong ionic 
associations that occur in the b-SPS hard phase. Studies 
of SPS ionomers showed that ionic aggregation is stable 
in these materials even at  elevated temperatures.32 When 
the SSEBS was cast from the solution, it is possible that 
the ionic aggregation of the b-SPS formed before the 
microdomains of the block copolymer were able to self- 
organize. The experimental Q increased substantially with 
the addition of 15% and 27% PCL, through the Q 
calculated from the SAXS pattern was still a little lower 
than the prediction of the two-phase model (Figure 11). 
This indicates that the microstructures formed in these 
blends were much more ordered than the neat SSEBS. 
The lower than predicted value for the experimental Q 
suggests that the interface of the microdomains was not 
particularly sharp. When the PCL concentration was 
increased to 46%, the discrepancy between the experi- 
mental and predicted Q's increased, which may be 
indicative of a broader interphase region in that sample. 

Conclusions 
The miscibility of poly(capro1actone) in a styrenic block 

copolymer was significantly enhanced by partial sulfona- 
tion of the styrenic block. Although the molecular weight 
of the PCL was much higher than that of the sulfonated 
polystyrene block, the miscibility limit of PCL in the 
sulfonated polystyrene block of a block copolymer with a 
sulfonation level of 8.3 mol 5% was 46 5%. This miscibility 

PCL Mlcrocrystallites 

46 

57 

PCL Macrocrystallites 

Figure 12. Schematic illustration of the morphology of SSEBS/ 
PCL blends as a function of PCL concentration (not drawn to 
scale). 

greatly exceeded the predictions of several contemporary 
theories, and the enhanced miscibility is believed to be 
due to exothermic interactions between the sulfonated 
groups and the poly(capro1actone). 

Figure 12 is a proposed schematic description of the 
variation of the SSEBS/PCL morphology with changing 
composition. When the PCL concentration was lower than 
27%, the PCL was completely miscible with the b-SPS 
microdomains and the blends exhibited a lamellar BC 
microstructure. Upon the addition of more PCL, some of 
the PCL crystallized within the b-SPS microdomains and 
formed small nanometer-sized PCL crystallites as a 
consequence of the space constraint imposed by the micro- 
domains. These melted at  a temperature ca. 20 "C lower 
than that of pure PCL. Macrophase separation of the 
PCL from the microdomains occurred when the PCL 
concentration 246 % , and a separate, pure PCL phase was 
formed, dispersed within the rubbery phase. In that case, 
two different PCL crystallites coexisted: (1) nanometer- 
sized crystallites within the b-SPS microdomains and (2) 
larger crystallites typical of a distinct PCL phase. 

The addition of PCL affected the ordered microstructure 
in the blends. The neat SSEBS had a poorly ordered 
morphology intermediate between a spherical and cylin- 
drical microstructure, probably because the ionic associ- 
ation within the SPS blocks made it more difficult to 
develop an ordered microstructure. The addition of 15% 
PCL to the SSEBS resulted in a well-defined lamellar 
microstructure, and increasing the PCL concentration to 
27 % further refined that morphology. 
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