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The molecular orientation of poly(styrene-block-butadiene-block-styrene) triblock copolymer with 
cylindrical microdomains of glassy polystyrene (PS) is investigated by i.r. spectroscopy and is discussed in 
relation to the structural changes of the microdomains caused by the uniaxial strain. For evaluation of the 
molecular orientation, the dichroic orientation factor (FD) was calculated from the dichroic ratio (D) of the 
absorption bands at 1493 and 966 cm-1 for PS and polybutadiene (PB), respectively. It was found that 
PB chains exhibit molecular orientation parallel to the stretching direction whereas there was no orientation 
for PS chains. The results indicated that PB chains are oriented parallel to the stretching direction but 
did not imply that the glassy PS microdomains are not deformed by the strain. The reason why the PS 
orientation was not clearly detected may be ascribed to a bad signal-to-noise ratio for the FD of the PS 
band used to evaluate PS orientation. It was also found that the orientation of PB chains effectively 
proceeded in an extremely stretched state, which is in good agreement with the results from wide-angle 
X-ray scattering. 
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I N T R O D U C T I O N  

Poly(styrene-block-butadiene-block-styrene) triblock co- 
polymers  (SBS) in the phase-separated state are utilized 
as thermoplastic elastomers 1'2. Since elastomeric properties 
are governed by their mic rodomain  structure, it is 
wor th  s tudying the structural changes involved in 
uniaxial strain. Small-angle X-ray scattering (SAXS) 3-19 
or small-angle neut ron  scattering (SANS) 2°'21 and 
transmission electron microscopy (TEM) 6'11,13,14,16,22-30 
are generally used to s tudy microdomain  structures. 
Recently, i.r. spectroscopy has been used to study 
the structure of SBS block copolymers  31 35. The i.r. 
technique is a great advantage  in the studies of  a 
mul t i component  system because it is possible to analyse 
separately the behaviour  of i.r. absorpt ion  bands of 
interest. Al though it had been expected that  the 
orientat ion behaviour  of polystyrene (PS) block chains 
in SBS would be difficult to detect by i.r., we found 
the orientat ion of  PS blocks in SBS in a previous 
s tudy 3~. In that work,  we studied the effects of the 
microdomain  structures on the molecular  orientat ion of 
PS and polybutadiene (PB) chains in SBS with P S - P B  
alternating lamellae, PB cylinders in a PS matrix or  
P S - P B  bicont inuous microdomains .  The orientat ion 
behaviour  was discussed in relation to the change in the 
microdomain  structures induced by the uniaxial strain. 
In this study, we apply the i.r. technique to the study of 
molecular  orientat ion of  an elastomeric SBS with glassy 
PS cylinders in a PB matrix. 
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Figure 1 schematically shows the levels of order in a 
macroscopical ly  isotropic film of SBS with cylindrical 
microdomains .  A microscopic level, submicroscopic 
level and molecular  level are represented in parts 
(a), (b) and (c), respectively. Al though there is no 
macroscopical ly  preferred orientat ion of the cylinders, 
preferential or ientat ion exists on a submicroscopic level. 
In the submicroscopic region, the so-called 'grain',  the 
cylindrical microdomains  are preferentially oriented but 
orientat ion of the cylinder differs from that  in a 
neighbouring grain. The structure in the as-cast film can 

(a) PS cylinders in PB 

Figure 1 Schematic diagram showing the levels of order in a 
macroscopically isotropic as-cast film of SBS with cylindrical 
microdomains of polystyrene. A microscopic level, submicroscopic level 
and molecular level are represented in (a), (b) and (c), respectively. In 
the submicroscopic region, the so-called 'grain', the cylindrical 
microdomains are preferentially oriented but orientation of the cylinders 
differs from that in a neighbouring grain. The structure in the as-cast 
film can be therefore taken as an assembly of grains, as represented in (a) 
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Figure  2 Schemat ic  d i a g r a m  of s t ruc tura l  changes  caused  by uniax ia l  
s t ra in  app l i ed  to a SBS t r i b lock  c o p o l y m e r  wi th  cy l indr ica l  
m i c r o d o m a i n s  of polystyrene.  The  tensile s t ra in  was appl ied  (1) parallel ,  
(2) pe rpend icu la r  and  (3) a t  45 ° to the preferent ial  o r i en ta t ion  of the 
cylinders.  SD denotes  the s t re tch ing  d i rec t ion  

be taken as an assembly of grains, as depicted in 
Figure la. Pakula et al. 1° studied structural changes in 
SBS with cylindrical PS microdomains caused by uniaxial 
strain using SAXS. The structural changes for three 
extreme cases were examined using preferentially oriented 
PS cylinders. The cases were such that the stretching 
direction (SD) was parallel, perpendicular or at 45 ° to 
the preferential orientation direction of the cylinders. The 
deformation process is schematically represented in 
Figure 2, where the black regions designate glassy PS 
microdomains. It should be emphasized that the glassy 
PS cylinders were eventually fractured into smaller 
microdomains irrespective of the orientation direction of 
the cylinder in an undrawn film so that the segmented 
PS domains act as rigid crosslinks for rubbery PB 
chains. Although more complicated schemes should be 
considered for the actual as-cast film rather than the 
simple mixtures of those presented in Figure 2, the scheme 
is useful for the discussion of the molecular orientation 
in the current study. 

EXPERIMENTAL 

The SBS specimen used in this study is a commercial 
product (Kraton D-I102, Shell) with a number-average 
molecular weight (M,) of 5.7 x 104, a polydispersity 
(Mw/M.) of 1.2+0.15 (where Mw denotes the weight- 
average molecular weight) and a weight fraction of 
PS (Wps) of 0.28. The microstructures of the PB 
chains are 36.6, 53.6 and 9.8 wt% of cis-l,4-, trans-l,4- 
and 1,2-linkages, respectively. More details of the 
characterization are described elsewhere 36. The specimen 
was dissolved into methyl ethyl ketone/toluene (8/1 v/v) 
mixtures to prepare ~5 wt% polymer solutions. Film 
samples (,-~30/zm thick) were obtained by gradually 
evaporating the solvent mixture at room temperature. 
SAXS revealed a cylindrical morphology in the as-cast 
film. The cylindrical morphology was observed by 
others 1° using TEM for a press-moulded TR-1102 (SBS), 
which is very similar to the Kraton D-1102 used in the 
current study. 

For tensile stress-strain measurements, CATY-500BH 
(Yonekura Co.) was used as a rectangular-shaped film 
(10mm wide), clamped between a pair of chucks 
which were 30mm apart. The drawing speed was 
100 mm min-1. The SD is parallel to the surface of the 

as-cast films. I.r. spectra were obtained at 25% strain 
increments between 0% and 725% using a FIRIS 100 
Fourier transform i.r. (FTi.r.) spectrometer (Fuji Electric 
Co. Ltd) operated at 64 scans and with a spectral 
resolution of 4cm -1. Since the actual FTi.r. spectrum 
is comprised of several individual absorption peaks 
overlapping each other, the spectrum should be broken 
down into individual contributions in order to obtain 
accurate values of the dichroic ratio (D). This was 
performed using peak resolving software developed in 
our laboratory 37, where the individual peak is assumed 
to be represented by a weighted sum of Gaussian and 
Lorentzian functions. The tensile stress-strain and FTi.r. 
measurements were both conducted at room temperature. 

RESULTS AND DISCUSSION 

The stress-strain behaviour is shown in Figure 3, where 
the stress is the nominal stress which is the drawing force 
divided by the cross-sectional area of the undrawn film. 
Typical elastomeric behaviour is shown and is very 
similar to that for the SBS with PS cylinders reported 
by Pakula et al. 1°. It is remarkable that a drastic increase 
in stress was observed within 7% strain. This implies 
plastic deformation. Two contributions to the plastic 
deformation can be considered: one is the fracture of 
glassy PS cylinders, which causes PS fibrils, as considered 
in a previous study35; the other is the plastic deformation 
occurring at the grain boundary. As mentioned above, 
the structure in the as-cast film is taken as an assembly 
of grains. Since it is necessary to minimize the free energy 
of the system, the cylinders with different orientation 
directions should be commensurately connected to 
each other in the grain boundary. Therefore, unusual 
bicontinuous interpenetrating microdomain structures 
may be formed locally at the grain boundary. It 
is reasonable to consider that the stress would be 
concentrated in the weakly connected glassy microdomains 
in the grain boundary in the initial stage of the strain. 

An i.r. absorption spectrum of an undrawn as-cast film 
of Kraton D-1102 at room temperature is shown in 
Figure 4 for wavenumbers from 500 to 2000 cm-1. In 
order to discuss the molecular orientation of PS and PB 
chains, the dichroic orientation factor (Fo) was calculated 
from D of the absorption bands at 1493 and 966 cm-1 
for PS and PB, respectively 35. D is given by: 

D= AII/A ± (1) 

where All and Az denote the absorbances of light 
polarized parallel and perpendicular to the SD of 
the specimen, respectively. The peak area of the 
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Figure  3 Stress s t ra in  behav iour  of a K r a t o n  D-1102 as-cast  film at 
r o o m  t empera tu re  
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Figure  5 Curve  resolv ing of i.r. spect ra  of the K r a t o n  D-1102 film 
(a) for w a v e n u m b e r s  f rom 925 to 1050 c m -  ~ and  (b) for wavenumber s  
from 1475 to 1525cm 1 

individual contributions for the absorption band was 
used to calculate the D values. The decomposed spectra 
are shown in Figure 5a with original spectra for 
wavenumbers from 925 to 1050cm -1 and in Figure 5b 
for wavenumbers from 1475 to 1525 cm-  1. The molecular 
orientation can be discussed qualitatively by means of 
FD, which is defined as: 

D - 1  
FD -- (2) 

D + 2  

As mentioned previously 35, the transition moment 
directions are roughly perpendicular to the axis of the 
chain segment for PS and PB absorption bands at 1493 
and 966 cm-  1, respectively, and hence the negative value 
of FD indicates parallel orientation of the PS and PB 
chains to the SD. 

F D values for PS and PB chains are presented in 
Figure 6 as a function of strain. In general, the FD values 
for PS chains are approximately zero over the entire 
range of strain, while the FD values for PB chains 
monotonically decrease from zero with strain. These 
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results indicated that PB chains are oriented parallel 
to the SD but did not imply that the glassy PS 
microdomains are not deformed by the strain. Following 
the deformation scheme of the SBS with PS cylinders, 
one can expect more or less parallel orientation of the 
PS chains to the SD in the micronecking regions 
because PS fibrils should appear, as considered for a 
different type of SBS triblock copolymer 35. The reason 
why the PS orientation was not clearly detected may be 
ascribed to a bad signal-to-noise ratio for the Fo of the 
PS band at 1493 cm-1. The PS band at 1493 cm-1 is 
not so sensitive to the orientation as the PB band at 
966 cm-  1. As a matter of fact, in a previous paper 35, the 
Fo value of the 1493 cm-  1 band was found to be only 
-0 .046  even when the homopolystyrene film was 
stretched by a draw ratio of 5.4. On the other hand, the 
Wps of the specimen used in this study is not so large and 
hence the experimental error in evaluation of FD is 
relatively large. In fact, the error can be considered to 
be +0.02 from a statistical standpoint. Thus, the 
microfibrils of PS, which probably exist in the specimen 
at high strains, are not discernible by this i.r. method. 
However, if it is acceptable to discuss the significance of 
the data at 650 and 675% strains, the PS orientation can 
be implied in the region from 600% strain up to break, 
as shown by the broken line in Figure 6. In this case, the 
PS orientation strongly correlates with the drastic 
increase in the PB orientation at 600% strain. 

The drastic increase of absolute values of Fo for PB 
was detected in the region from 600 to 675% strain and 
the FD values were roughly constant in the successive 
strains until break, indicating that the PB chains were 
extremely stretched. Similar behaviour of a drastic 
increase in the orientation of PB chains was observed 
for the different SBS with PS PB bicontinuous 
microdomains, which accompanied orientation of PS 
chains 35. It was considered for the case of the PS PB 
bicontinuous microdomains that fracture and segmentation 
of the glassy PS struts might occur. By analogy with this, 
it may be possible to suppose the fracture and 
segmentation of the PS cylinders in the current study, 
although it was difficult to detect the orientation of PS 
chains because of the bad signal-to-noise ratio for the 
PS band at 1493 c m  - 1  a s  mentioned above. Since the 
fractured glassy PS microdomains behave as crosslinks, 
the PB chains, in turn, can be more effectively stretched. 
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Figure  6 Stra in  dependence  of the d ichroic  o r i en ta t ion  factor F o for 
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d ichroic  ra t io  D of the abso rp t ion  band  at  1493 cm 1 for PS and tha t  
at  966 c m -  1 for PB 
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Figure 7 Wide-angle X-ray diffraction patterns of the drawn Kraton 
D-1102 film at room temperature at (a) 575% and (b) 675% strains. 
SD denotes the stretching direction 

Hence, the fracture and segmentation of the PS 
microdomains can be a possible explanation for the 
drastic increase of the PB orientation. 

The drastic increase of the PB orientation after 600% 
strain may also imply strain-induced crystallization of 
the PB chains, because strain-induced crystallization can, 
in turn, effectively enhance the orientation of amorphous 
PB chains. Wide-angle X-ray diffraction patterns for 
drawn films at 575% and 675% strains are presented in 
Figure 7; they were obtained in order to detect the 
strain-induced crystallization of PB chains. Hashimoto 
et al. 38 reported two strong diffractions at ~20 °, one 
from the (020) plane on the equator and another from 
the (110) plane at the off-equatorial position for the 
strain-induced crystallization of PB having 99% cis-l,4 
units. However, in Figure 7 no obvious diffraction was 
observed in both drawn films, whereas the amorphous 
halo of PB chains was seen at a scattering angle of ~ 20 °. 
It is noted that the amorphous halo seems to be 
concentrated onto the equator in the drawn film at 675% 
strain. Therefore, the slightly stronger intensities for the 
scatterings at ,-~ 20 ° on the equator are considered to be 
due to the orientation of the amorphous PB chains in 
the direction parallel to the SD rather than due to the 
strain-induced crystallization of the PB chains. Thus, the 
i.r. technique proved to be useful for studying structural 
changes of elastomeric materials through changes in 
molecular orientation behaviour. 
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