
CHAPTER IV
DIRECTING THERMOPLASTIC ELASTOMER MICRODOMAIN 
PARALLEL TO FIBER AXIS: A MODEL CASE OF SEBS WITH 

BENZOXAZINE UNDER ท-ท STACKING CONFORMATION

4.1 Abstract

In our previous work, we declared for the first time an existence of ordered- 
lamellar microdomains in thermoplastic elastomer based on the case study of the as- 
spun electrospun polystyrene-b-poly(ethylene-co-l-butene)-b-polystyrene triblock 
copolymer (SEBS), and also demonstrated how the shear force initiates a certain 
level of lamellar-microdomain orientation. The present work shows an approach to 
direct lamellar-microdomain orientation to be parallel to the fiber axis by simply 
initiating a specific molecular interaction among thermoplastic elastomer chains. The 
blend system of SEBS and bisphenol-A based benzoxazine monomer (BZ) forms 7โ-ท 
interaction as confirmed by nuclear overhauser effect in nuclear magnetic resonance 
spectroscopy (NOESY NMR). The electrospun fibers of this blend under a low 
rotational fiber collector speed (below 310 m/min) show not only the microdomain 
orientation but also (i) the fragmentation of microdomain to small grains which 
orient almost perfectly parallel to the stretching direction (SD) or fiber axis, and (ii) 
the lamellar angles (p) are also almost parallel to the fiber axis. When rotational 
collector speed is high enough (-620 m/min, and 1340 m/min), the shear force 
overcomes the 7t-TC interaction between SEBS and BZ, and as a result, the regular 
microdomains orientation to the fiber axis are suddenly diminished. Thermal 
treatment of the fibers at 170 ๐c  initiates the lamellar microdomain rearrangement to 
an isotropic one with significant traces of lamellar orientation parallel and 
perpendicular to the fiber axis. The present work demonstrates how two extremely 
combined conditions which are; (i) macroscopic external stimulus, i.e., stretching 
force, and; (2) specific interaction at molecular level, i.e., ท-ท interaction, to direct 
the orientation of microdomains in the confined space of the as-spun electrospinning 
fibers to be a uniaxial microdomain aligning parallel to the fiber axis.
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4.2 Introduction

Block copolymers is one of polymeric materials which have been 
extensively studied for decades due to the synergic unique properties, such as 
toughness, stiffness and chemical resistance, of the different homopolymers. ''3 
Morphologically, block copolymers undergo microphase separation spontaneously 
because of immiscibility of each block. Upon the phase separation, block copolymers 
form regularly-ordered microdomains, such as spheres,4 cylinders,56 gyroid7 and 
lamellae.8 Each microdomain in nanometer scale forms super-lattice structure with 
the grain which sometime exceeds to tens of micrometers. The unique morphologies 
play an important role in internal-reinforcement and contributes directly to the 
macroscopic properties of the materials.9Various techniques, such as annealing10, 
applying external forces11’ 12and placing in electricfield13etc. were used to control 
microdomain orientation, unification of microdomain grains, etc.

Electrospinning is known as a versatile technique to fabricate ultrafine fiber, 
in nanometer scale to a few micrometers. Electric force is used to draw the fluid jet 
from the needle in a milli-second time scale. In other words, the fluid jet is pulled 
towards the collector with extremely high stress, and solidified into nano- or micro
fibers.14 Thus, electrospinning is an excellent technique to control microdomain 
orientation and arrangement since it is not only the technique to give an extremely 
high stress to the block copolymer fliud, but also restrain the microdomain formation 
in the confined geometry. Fong and Reneker reported microphase separation of 
polystyrene-block-polybutadiene-block-polystyrene triblock copolymer (SBS) in the 
electrospun fibers.15However, only ill-developed, small, and peculiar shaped 
microdomains in the SBS as-spun electrospining fibers were declared as it might be 
due to a high evaporation rate of the spinning solvent. It is known that the rapid 
evaporation of solvent limits polymer chain mobility resulting in segregation into a 
thermodynamically stable microdomains.10 15-17
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R e c e n t l y ,  w e  d e c la r e  fo r  th e  f ir s t  t im e  a n  e x i s t e n c e  o f  th e  w e l l - o r d e r e d  a n d  

o r ie n t e d  m ic r o d o m a in s  in  th e  a s - s p u n  e le c t r o s p in n in g  f ib e r s  o f  b lo c k  c o p o l y m e r  

th r o u g h  t h e  s t u d y  c a s e  o f  p o l y s t y r e n e - b l o c k - p o l y ( e t h y l e n e - c o - l - b u t e n e ) - b l o c k -  

p o ly s t y r e n e  t r ib lo c k  c o p o ly m e r  ( S E B S ) . 18 T h e  e v i d e n c e s  o f  e l l ip t i c  a n d  f o u r - s p o t  

fr o m  2 D - S A X S  p a t te r n s  le a d  U S  to  a  s p e c u la t io n  th a t  a f te r  th e  m ic r o d o m a in s  w a s  

fo r m e d , t h e y  m ig h t  b e  d e f o r m e d  b y  e le c t r ic  f o r c e  d u r in g  th e  s p in n in g  r e s u lt in g  in  th e  

d is to r te d  a n d  f r a g m e n t e d  m ic r o d o m a in s  w i t h  th e  p r e fe r e n t ia l  o r ie n t a t io n  to  th e  f ib e r  

a x is .  It w a s  to  o u r  s u r p r is e  to  s e e  th a t  in s te a d  o f  th e  h i g h  r o ta t io n a l  d is k  s p e e d  (1  2 4 0  

m /m in ) ,  th e  l o w e r  o n e  ( 3 1 .5  m /m in )  s ig n i f ic a n t ly  i n d u c e d  th e  m ic r o d o m a in  

d is to r t io n . W e  s p e c u la t e d  th a t  th e  l o w  r o ta t io n a l  d i s k  v e l o c i t y  m ig h t  a l l o w  m o r e  t im e  

fo r  s o lv e n t  e v a p o r a t io n ,  v i t r i f ic a t io n  o f  P S  m ic r o d o m a in s ,  a n d  a s  a  r e s u lt  n o t  o n ly  an  

e x i s t e n c e  o f  m ic r o d o m a in  o r ie n t a t io n  b u t a ls o  a  c e r ta in  l e v e l  o f  o r ie n t a t io n  p a r a l le l  to  

th e  f ib e r  a x i s  c o u ld  b e  g e n e r a te d . In  a d d it io n , th e  v i t r i f ic a t e d  P S  p la y s  a n  im p o r ta n t  

r o le  in  a l l o w i n g  a n  e f f e c t i v e  s t r e t c h in g  r e s u lt in g  in  a  d u c t i l e  fr a c tu r e , a n d  in  s o m e  

c a s e s  th e  d is t o r t e d  la m e lla r  s tr u c tu r e .
P o l y b e n z o x a z i n e s  ( p o l y B Z )  a re  r e p o r te d  a s  a  n o v e l  t y p e  o f  p h e n o l i c  r e s in ,  

w h ic h  c a n  b e  p r e p a r e d  fr o m  b e n z o x a z in e  m o n o m e r s  a n d  th e  c o n s e q u e n t  th e r m a l  
c u r in g  ( S c h e m e  4 . 1 ) . 19-24 R e c e n t ly ,  w e  s h o w e d  a  u n iq u e  in - s i t u  n a n o - s p h e r e  p o ly B Z  

fo r m a t io n  in  S E B S  f i lm  m a t r ic e s . 25 T h e  d e p th  s tr u c tu r a l a n a l y s e s  b r o u g h t  u s  to  an  

u n d e r s t a n d in g  th a t in i t ia l ly  ท - ท  in te r a c t io n  w a s  f o r m e d  b e t w e e n  a r o m a t ic  r in g s  o f  B Z  

m o n o m e r  a n d  s t y r e n e  b lo c k  in  th e  S E B S  c h a in .
B a s e d  o n  th e  a b o v e  m e n t io n e d  w o r k s ,  it c o m e s  to  o u r  q u e s t io n  a b o u t  h o w  

th e  ท - ท  in t e r a c t io n  b e t w e e n  B Z  a n d  S E B S  p la y  th e  r o le  in  th e  m o r p h o lo g y  o f  S E B S  

e le c t r o s p u n  f ib e r .
T h e  p r e s e n t  w o r k  is  a n  e x t e n s io n  o f  o u r  p r e v io u s  w o r k  w h i c h  w e  

s u c c e s s f u l l y  s h o w e d  a n  e x i s t e n c e  o f  m ic r o d o m a in  o r ie n t a t io n  in  e le c t r o s p u n  

t h e r m o p la s t ic  e la s t o m e r  S E B S .  H e r e ,  w e  fu r th e r  f o c u s  o n  e le c t r o s p u n  S E B S  b le n d  

w it h  B Z  ( S E B S - B Z )  u n d e r  t w o  e x t r e m e ly  c o m b i n e d  c o n d i t io n s  w h i c h  are  

m a c r o s c o p ic  l e v e l  o f  e l e c t r o s p in n in g  c o n d i t io n ,  i . e . ,  s t r e t c h in g  f o r c e ,  a n d  m o le c u la r  

l e v e l  o f  s p e c i f i c  in t e r a c t io n ,  i .e . ,  ท - ท  in te r a c t io n  b e t w e e n  S E B S  a n d  B Z  to  s tu d y  h o w
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th e  m ic r o d o m a in s  o f  S E B S  r e s p o n d  to  t h o s e  c o n d i t io n s ,  e s p e c i a l l y  w h e n  th e  S E B S  

a re  in  th e  f o r m  o f  e l e c t r o s p u n  u n d e r  th e  c o n f in e d  s p a c e .

4.3 Experimental

4.3.1 Materials
S E B S  t r ib lo c k  c o p o l y m e r  w i t h  3 2  w t  %  s t y r e n e  c o n t e n t ,  M w o f  7 7  0 0 0  

g /m o l  a n d  M „ o f  6 0  0 0 0  w i t h  P D I  o f  1 .2 8 ,  m e a s u r e d  b y  G P C , w a s  p r o v id e d  b y  A s a h i  

K a s e i  C h e m i c a l s  C o o p e r a t io n ,  J a p a n . B i s p h e n o l - A ,  p a r a f o r m a ld e h y d e  a n d  

c y c l o h e x y l a m i n e  w e r e  p u r c h a s e d  f r o m  F lu k a , S w it z e r la n d .  C h lo r o f o r m  a n d  t o lu e n e  

w e r e  p u r c h a s e d  f r o m  N a c a la i T e s q u e ,  I n c .,  J a p a n . A l l  c h e m ic a l s  w e r e  u s e d  w it h o u t  

fu r th e r  p u r i f ic a t io n .
4.3.2 Synthesis of Benzoxazine monomer (BZ).

6 ,6 ' - ( p r o p a n e - 2 ,2 - d i y l ) b i s ( 3 - c y c l o h e x y l - 3 ,4 - d i h y d r o - 2 H -  

b e n z o [ e ] [ l , 3 ] o x a z i n e )  w a s  s y n t h e s iz e d  ( S c h e m e  4 .1 )  fr o m  b i s p h e n o l - A ,  

f o r m a ld e h y d e  a n d  c y c l o h e x l a m i n e  b y  m i x i n g  a n d  s t ir r in g  a t a b o u t  110°c fo r  3 0  

m in u t e s  a s  r e p o r te d  e l s e w h e r e .20.

Scheme 4.1 S y n t h e s i s  o f  c y c l o h e x y l a m i n e - b a s e d  b i s p h e n o l  B Z  a n d  its  c u r in g  

r e a c t io n  to  p o l y B Z
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4.3.3 Preparation of SEBS-BZ blending electrospun fibers.
S E B S  a n d  B Z  w e r e  m ix e d  in  a  w e i g h t  r a t io  ( w t / w t )  o f  7 5 : 2 5  

( S 7 5 B Z 2 5 ) .  T h e  m ix t u r e  w a s  d i s s o l v e d  in  th e  m ix e d  s o l v e n t  o f  c h lo r o f o r m / t o lu e n e  

( 8 0 / 2 0  w t / w t ) .  T h e  h o m o g e n e o u s  s o lu t io n  o b t a in e d  w a s  e l e c t r o s p u n  b y  u s in g  a  

N a n o n  E le c t r o s p in n in g  S e tu p  ( M E C C  C o .,  L td .,  J a p a n ) e q u ip p e d  w i t h  a n  o r ig in a l ly  

d e s ig n e d  r o ta t io n a l  d i s k  c o l le c t o r .  T h e  o p t im a l  s p in n in g  c o n d i t io n s  w e r e :  a c c e le r a t e d  

v o l t a g e ,  2 0  k V ;  v o lu m e t r ic  f l o w  r a te , 0 .5  m L /h ;  a n d , t i p - t o - c o l l e c t o r  d i s t a n c e ,  15  c m .  
T h e  f ib e r s  w e r e  c o l l e c t e d  o n t o  a  r o ta t io n a l  d i s k  c o l le c t o r  w i t h  c o n t r o l la b le  ta k e -u p  

v e l o c i t y  ( i . e . ,  3 1 .5  m /m in ,  3 1 0 m / m i n ,  6 2 0  m /m in  a n d  1 2 4 0  m /m in ) .  T h e  r e la t iv e  

h u m id i t y  fo r  s p in n in g  w a s  in  th e  r a n g e  o f  3 0 - 3 2  % ..

4.3.4 Characterizations
T w o - d im e n s io n a l  n u c le a r  m a g n e t i c  r e s o n a n c e  ( 2 D - N M R )  in  n u c le a r  

o v e r h a u s e r  e f f e c t  s p e c t r o s c o p y  ( N O E S Y )  m o d e  w a s  c o n d u c t e d  b y  a n  N M R  

B r u k e r U lt r a s h ie ld P lu s  5 0 0  M H z  a t r o o m  te m p e r a tu r e  w i t h  a  m ix in g  t im e  o f  0 .4  

s e c o n d .  T h e  f ib e r  m o r p h o lo g y  w a s  o b s e r v e d  b y  a  J E O L  J S M - 5 2 0 0  s c a n n in g  e le c t r o n  

m i c r o s c o p e ,  a n d  th e  a v e r a g e  f ib e r  d ia m e te r  W'as d e t e r m in e d b y  I m a g e  J s o f t w a r e .2 D -  

S A X S  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  a t th e  R I K E N s tr u c tu r a l  b i o l o g y  b e a m l in e  1 
( B L 4 5 X E I )  S P r i n g - 8 , H y o g o ,  J a p a n . T h e  2 D - S A X S  p a t te r n s  w e r e  r e c o r d e d  b y  u s in g  

a  R I G A K U  R - A X I S  I V + +  e q u ip p e d  w it h  a n  i m a g in g  p la t e  d e t e c t o r  ( 3 0 0  m m  X  3 0 0  

m m  a r e a ) .T h e  X - r a y  w a v e le n g t h ,  X ,  w a s  tu n e d  a t x.= 0 .1 0  n m , a n d  q  v a lu e ,  d e f in e d  b y  

q  =  ( 4 7 i/A .)sin  ( 0 / 2 )  (0 :  th e  s c a t t e r in g  a n g le ) ,  w a s  c a l ib r a t e d  b y  c h ic k e n  t e n d o n  

c o l l a g e n  h a v i n g  th e  s p a c in g  o f  6 5 .3 n m .T h e  v i s c o s i t y  o f  t h e  s p in n in g  s o lu t i o n s  w e r e  

m e a s u r e d  b y  a  B r o o k f i e ld  v i s c o m e t e r  ( M o d e l  D V I I I ,  B r o o k f i e ld  E n g in e e r in g  L a b s  

I N C .,  S t o u g h t o n ,  M A ,  U S A )  w i t h  te m p e r a tu r e  c o n t r o l  a t 2 8  °c.
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4.4 Results and Discussion

71-71 Interaction between BZ and PS block in SEBS
F ig u r e  4 .1  s h o w s  a  2 D - N M R  N O E S Y  s p e c tr u m  o f  S 7 5 B Z 2 5  in  C D C I 3 . T h e  a r o m a t ic  

p r o t o n s  o f  B Z  a re  s e e n  c le a r ly  a t th e  c h e m ic a l  s h i f t s  o f  6 . 9 7 ,  6 .8 2  a n d  6 . 6 8  p p m  

w h ic h  c o n t r ib u t e  t o  t h e  a r o m a t ic  p r o to n  o f  B Z  in  th e  p o s i t i o n  3 ,  1 a n d  2 ,  r e s p e c t iv e ly .  
T h e  p r o t o n  r e s o n a n c e  o f  P S  c a n  b e  o b s e r v e d  a s  a  b r o a d  p e a k  in  th e  r a n g e  o f  6 .9 7  -
7 .2 4  p p m . T h e  N O E S Y  s p e c tr u m  c le a r ly  s h o w s  a  c o r r e la t io n  b e t w e e n  th e  a r o m a t ic  

p r o to n  o f  B Z  a t  p o s i t i o n  2 (H bz2) a n d  th a t o f  P S  in  S E B S .  T h i s  im p l ie s  ท - ท  in te r a c t io n  

w h ic h  m ig h t  b e  f o r m e d  e i t h e r  b y  c h a r g e  tr a n s fe r  b e t w e e n  e l e c t r o n - r ic h  a n d  e le c t r o n -  

p o o r  a r o m a t ic  c o m p o u n d s 26 ,27  o r  b y  lo c a l  d i p o l e  o f  c h a r g e  d is t r ib u t io n  in  id e n t ic a l-  

e le c t r o n ic  a r o m a t ic  c o m p o u n d s 28'.29T h e  la ter  m a y b e  a p p r o p r ia te  fo r  o u r  c a s e  s in c e  

b o th  a r o m a t ic  r in g s  in  th e  B Z  a n d  in  th e  P S  b lo c k  a re  e l e c t r o n - r ic h  ty p e .

Figure 4.1 2 D - N M R  N O E S Y  c o n t o u r  p lo t  o f  S 5 0 B Z 5 0  in  C D C h a t  c o n c e n t r a t io n  o f  

3 .9  X 1 0 '3%  พ / พ
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D S C  t h e r m o g r a m s  o f  S E B S  a n d  th e  S 8 5 B Z 1 5 ,  a n d  S 7 5 B Z 2 5 f i l m s  are  

s h o w n  in  F ig u r e  4 .2  T h e  Tg o f  P E B  s e g m e n t  a t a r o u n d  - 6 0 ° c  c a n  b e  d i s t in g u i s h e d  a s  

th e  p o s i t i o n  A  .A n  e n d o t h e r m ic - b r o a d  p e a k  a t a r o u n d  7 0 c c  ( p o s i t i o n  B )  b e lo n g in g  to  

a n  e n t h a lp y  r e la x a t io n  o f  p o l y s t y r e n e  n e a r  T g 30’ 31 i s  a ls o  id e n t i f ie d .  T h e  e n th a lp y  

r e la x a t io n  is  c o n f ir m e d  fr o m  t h e  fa c t  th a t th is  p e a k  c a n  b e  o b s e r v e d  o n l y  in  th e  f ir s t -  

h e a t in g  s c a n .  . A s  t h i s  p e a k  is  r e la te d  to  w h i c h  th e  e f f e c t  o f  B Z  o n  P S  s e g m e n t  c h a in  

r e la x a t io n ,  a  c a r e f u l  o b s e r v a t io n  g i v e s  u s  im p o r ta n t  in f o r m a t io n  o f  th e  in te r a c t io n  

w i t h  B Z . It i s  c l e a r l y  s e e n  a n d  s p e c ia l ly c o n s i d e r e d .T h e  e n t h a lp y  r e la x a t io n  o f  th e  a s -  

c a s t  S E B S  f i lm  i s  0 . 5 6  J /g .  In  th e  c a s e  o f  S E B S - B Z ,  it i s  c le a r  th a t  a n  in c r e a s e  o f  B Z  

c o n t e n t  l e a d s  t o  a n  in c r e a s e  o f  e n t h a lp y  r e la x a t io n  v a lu e .  F o r  e x a m p l e ,  th e  v a lu e  is  a s  

h ig h  a s  2 .1 7  J /g  a n d  2 .3 2  J /g  fo r  S 8 5 B 1 5  a n d  S 7 5 B Z 2 5  f i lm s ,  r e s p e c t i v e ly  (F ig u r e  

4 . 2 ) . T h is  i m p l i e s  h o w  P S  b l o c k s  w e r e  in  c o n s t r a in e d  b y  B Z . In o th e r  w o r d s ,  P S  

b l o c k s  a re  in  l e s s  f a v o r a b le  s t a t e  o r  l e s s  e n t r o p ie  s ta te . T h e  b e h a v io r  o f  S E B S / B Z  in  

D S C  th e r m o g r a m  r e f l e c t s  th e  ท - ท  in te r a c t io n  b e t w e e n  S E B S  a n d  B Z .

Temperature <๐(ะ)

Figure 4.2 D S C t h e r m o g r a m s o f  : ( a )  S E B S  f i lm ,  ( b )  S 8 5 B 3 5  f i lm  a n d  ( c )  S 7 5 B Z 2 5

f i lm .
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V is c o s i t y  o f  sp in n in g  s o lu t io n s  w e r e  fo u n d  to  in c r e a se  s ig n if ic a n t ly  from  

1 4 4 9  cp  ( ± 4  c p )  fo r  S E B S  to  1 7 4 3  cp  (± 3  c p )  fo r  S 7 5 B Z 2 5  u n d er  th e  s a m e  

c o n c e n tr a t io n  o f  18 % w t. T h e  fa c t  th at th e  m ix tu re  s h o w e d  an  in c r e a se  in  v is c o s i t y  in 
s p ite  o f  th e  a c tu a l c o n c e n tr a t io n  o f  S E B S  w a s  d ilu te d  b y  a d d in g  B Z  fo r  2 5  % w t, th is  

fu rth er  c o n f ir m s  u s  th e  ท - ท  in ter a c tio n  b e tw e e n  S E B S  an d  B Z  a s  s h o w n  in S c h e m e
4 .2

Scheme 4.2 S u s p e c te d  m e c h a n ism  fo r  v itr if ic a t io n  o f  P S  s e g m e n ts  v ia  ท -ท  

in te r a c tio n  b e tw e e n  a ro m a tic  r in g s  o f  B Z  a n d  P S  in S E B S  c h a in s

Microdomain structure of SEBS film
In o rd er  to  in v e s t ig a te  th e  stru ctural c h a n g e  o f  m ic r o d o m a in s  in th e  a s -sp u n  

f ib e r s , th e ir  m o r p h o lo g y  in an  e q u ilib r iu m  sta te  ( f i lm  sta te )  sh o u ld  b e  first c la r if ie d .
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T h u s ,  a s - c a s t  f i lm  S E B S  w a s  c h a r a c t e r iz e d  b y  2 D - S A X S  to  f in d  th a t it s h o w s  a  s e r ie s  

o f  s c a t t e r in g  m a x im a  a t r e la t iv e  q  p o s i t i o n s  o f  1: 2 : 3: 4  s u g g e s t i n g  a  la m e lla r  

m o r p h o lo g y  o f  th e  m i c r o d o m a in s  (F ig u r e s  4 .3  (a )  a n d  ( c ) ) .  F o r  th e  S 7 5 B Z 2 5  f i lm ,  
F ig u r e  4 .3 ( b )  s h o w s  a  s e r i e s  o f  s c a t t e r in g  m a x im a  a t r e la t iv e  q  p o s i t i o n s  s im i la r  to  

th a t  o f  a s - c a s t  S E B S  f i lm  in d ic a t in g  la m e l la r - m ic r o d o m a in  s tr u c tu r e s .  F u r th e r m o r e ,  
th e  c ir c u la r  p a t t e r n s  ( F ig u r e s  4 . 3 ( c )  a n d  ( d ) )  in d ic a t e  a  c e r ta in  l e v e l  o f  i s o tr o p ic  

o r ie n t a t io n  o f  la m e l la r  m ic r o d o m a in s  in  b o t h  a s - c a s t  S E B S  a n d  S 7 5 B Z 2 5  f i lm s .  It 
s h o u ld  b e  n o t e d  th a t  S 7 5 B Z 2 5  f i lm  s h o w s  a  s l ig h t  d e c r e a s e  o f  e a c h  q  p o s i t io n .  T h is  

m e a n s  th a t  th e r e  is  a  s l i g h t  in c r e a s e  o f  la m e lla r  r e p e a t in g  p e r io d ,  a s  c o m p a r e d  to  

S E B S  f i lm .  T h e  i n c r e a s e s  in  la m e lla r  p e r io d  m ig h t  b e  a c c o u n t e d  fo r  a n  o c c u p a t io n  o f  

B Z  in  P S  la m e l la r  m ic r o d o m a in s .
T h e  D S C  t h e r m o g r a m s  in  F ig u r e  4 .2  a ls o  s u p p o r t  o u r  s p e c u la t io n .  T h e  TgS  

b e lo n g i n g  t o  P E B  b l o c k  fo r  S E B S ,  S 8 5 B Z 1 5  a n d  S 7 5 B Z 2 5  a p p e a r  a t th e  s a m e  

te m p e r a tu r e ,  i . e . ,  a t - 6 0  ° c ,  w h e r e a s  th e  c h a in  r e la x a t io n  t e m p e r a tu r e s  o f  P S  b lo c k s  

fo r  S E B S ,  S 8 5 B Z 1 5  a n d  S 7 5 B Z 2 5  a p p e a r  in  th e  o r d e r  o f  S 7 5 B Z 2 5 > S 8 5 B Z 1 5  

> S E B S .

0 200 400 600 800 1000 1200 1400
Take-up Velocity (เท/ท’หํท)

Figure 4.3 F ib e r  d ia m e t e r s  o f  a s - s p u n S 7 5 B Z 2 5 e le c t r o s p i n n in g  f ib e r s a t  v a r io u s  ta k e -  

u p  v e l o c i t i e s  i n c lu d in g  th e ir  S E M  im a g e s ;  (a ) ,  ( b ) ,  ( c )  a n d  ( d )  fo r  t h o s e  f ib e r s  

c o l l e c t e d  a t 0  m / m in ,  3 1 0  m /m in ,  6 2 0  m /m in ,  a n d  1 2 4 0  m /m in ,  r e s p e c t i v e ly .
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Microdomain arrangement and orientation of as-spun SEBS fibers
T h e  o p t im a l  e le c t r o s p in n in g  p a r a m e t e r s  w e r e  p r e l im in a r y  s t u d ie d  to  f in d  th e  

c o n d i t io n s  a s  f o l l o w s ;  a c c e l e r a t e  v o l t a g e  a t 2 0  k v ,  1 8  w t%  s o l i d  c o n t e n t  o f  S E B S  in  

th e  m i x e d  s o l v e n t  ( 8 0 : 2 0 /c h lo r o f o r m :  t o lu e n e ) .  In  o r d e r  to  i n v e s t ig a t e  th e  e f f e c t  o f  

s h e a r  f o r c e  to  m i c r o d o m a in  a r r a n g e m e n t  a n d  o r ie n t a t io n  in  S E B S  e le c t r o s p u n  f ib e r s ,  
th e  r o ta t io n a l  d i s k  c o l l e c t o r  v e l o c i t i e s  w e r e  v a r ie d  f r o m  3 1 .5  m / m in  to  1 2 4 0  m /m in .  
F ig u r e  4  s h o w s  th e  a p p e a r a n c e s  a n d  s i z e s  o f  th e  f ib e r s  a s  o b s e r v e d  b y  S E M . T h e  

p lo t s  o f  f ib e r  d ia m e t e r s  in d ic a t e  c le a r ly  h o w  th e  ta k e - u p  v e l o c i t y  s ig n i f ic a n t ly  

r e d u c e d  th e  f ib e r  d ia m e te r .  T h e  m in im u m  d ia m e te r  is  a b o u t  2 .5  p m  w h i c h  b e lo n g s  to  

th e  f ib e r s  o b t a in e d  f r o m  th e  r o ta t io n a l  d i s k  c o l l e c t o r  s p e e d s  a t 6 2 0  m /m in  a n d  1 2 4 0  

m /m in .  T h is  s u g g e s t s  th a t  th e  h ig h  s t r e t c h in g  f o r c e  in i t ia t e d  b y  th e  h ig h  ta k e  u p  

v e l o c i t y  o f  r o ta t io n a l  d i s k  c o l le c t o r  l e a d s  to  a  d e c r e a s e  in  f ib e r  d ia m e te r s .  A s  

d i s c u s s e d  in  o u r  p r e v io u s  w o r k , th e  v i s c o e l a s t i c i t y  a n d  l o w  c o n d u c t iv i t y  o f  th e  

s p im i in g  s o lu t i o n  l im i t e d  U S  to  o b ta in  th e  f ib e r  d ia m e t e r  s m a l le r  th a n  1 p m .

บ่d

บ )๐

0*2 (U (K6 <T8 TO E2
q  ( n n r 1)

Figure 4.4 Circular average SAXS profiles o f (a) SEBS film and (b) S75BZ25 film

including their 2D-SAXS patterns of (c) SEBS film and (d)S75BZ25 film.
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Microdomain structure of as-spun SEBS fibers
P r e v i o u s ly  w e  a lr e a d y  c la r i f i e d  a n  e x i s t e n c e  o f  s h o r t -o r d e r  la m e lla r  

m ic r o d o m a in s  a n d  th e ir  o r i e n t a t io n . 18 H e r e , th e  d e t a i l e d  a n a ly s e s  r e le v a n t  to  

r o ta t io n a l  d i s k  c o l l e c t o r  s p e e d  o r  f ib e r  ta k e -u p  v e l o c i t y  o f  S E B S  m ic r o d o m a in s  a re  

d o n e .
F ig u r e s  4 .5  ( a )  a n d  ( b )  s u m m a r iz e  th e  2 D - S A X S  p a t te r n s  o f  th e  S E B S  

e le c t r o s p u n  w h i c h  e l l i p t i c  a n d  f o u r - p o in t  p a tte r n s  a r e  i d e n t i f ie d .  T h e  e l l ip t ic  p a tte r n  

r e fe r s  to  t h e  d i s t o r t e d  m i c r o d o m a in s  a s  a  r e s u lt  o f  s t r e t c h in g  f o r c e  d u r in g  s p in n in g  

a lo n g  th e  f ib e r  a x is ,  w h e r e a s  th e  f o u r - p o in t  p a tte r n  i s  a s c r ib e d  to  g la s s y  la m e lla r  

m i c r o d o m a in s  w h i c h  a r e  r u p tu r e d  to  t in y  f r a g m e n t s ,  s o - c a l l e d  h e r r in g b o n e  

s t r u c tu r e . 32  It s h o u ld  b e  e m p h a s iz e d  th a t  th e  f o u r  p e a k s  w e r e  a l ig n e d  o b l iq u e ly  to  th e  

S D  u p o n  u n ia x ia l  s t r e t c h in g . 9 ' 33 A t  th a t  t im e ,  th e  f ib e r s  c o l l e c t e d  a t th e  l o w e s t  ( 3 1 .5  

m /m in )  t a k e - u p  v e l o c i t y  s h o w  th e  m o s t  d is to r te d  la m e lla r  m ic r o d o m a in s .  T h is  

u n e x p e c t e d  r e s u lt  c o u l d  b e  r e la te d  to  v i t r i f ic a t io n  o f  P S  m ic r o d o m a in s .  T h e  

v i t r i f ic a t io n  i s  d e p e n d in g  o n  th e  t im e  fo r  s o lv e n t  e v a p o r a t io n .  T h e  s t r e tc h in g  o f  th e  

f ib e r  w i t h  v i t r i f i c a t e d  P S  m ic r o d o m a in s  m ig h t  le a d  to  th e  h ig h ly  d is to r te d  la m e lla r  

s tr u c tu r e  a s  F ig u r e d .5 ( c ) .

Effect of BZ on microdomains of SEBS
A s  B Z  f o r m s  a  k in d  o f  p h y s ic a l  c r o s s l in k  w i t h  P S  s e g m e n t s  in  S E B S  v ia  71-71 

in te r a c t io n ,  h e r e  it c o m e s  to  o u r  q u e s t io n  a b o u t  h o w  t h is  p h y s ic a l  c r o s s l in k  in i t ia t e s  

th e  c h a n g e  in  m o r p h o lo g y .  T h e  c h a n g e s  o f  m ic r o d o m a in s  in  th e  a s - s p u n  

e le c t r o s p in n in g  S E B S  f ib e r s  u n d e r  th e  e f f e c t  o f  B Z  c a n  b e  tr a c e d  b y  2 D - S A X S  

p a tte r n s . H e r e ,  to  s i m p l i f y  th e  s t u d y  o n ly  th e  S E B S  b le n d  w i t h  B Z  fo r  2 5  % w t  

c o n t e n t  ( S 7 5 B Z 2 5 )  w a s  c o n s id e r e d .
T h e  s tr u c tu r a l  c h a n g e  o f  th e  m ic r o d o m a in s  in  a s - s p u n  S E B S  a n d  ร 7 5 B Z 2 5  

f ib e r s  u p o n  a n  in c r e a s e  o f  ta k e -u p  v e l o c i t y  w a s  q u a l i t a t iv e ly  a n a ly z e d  a s  f o l l o w s .  
T h e  a s - s p u n  S E B S  s h o w s  d a r k  s tr e a k s  a lo n g  e q u a t o r ia l  d i r e c t io n  (F ig u r e  4 .5  (a ) ) .  
T h e  a s - s p u n S 7 5 B Z 2 5 o b t a in e d  fr o m  a n y  ta k e -u p  v e l o c i t i e s  a l s o  s h o w s  th e  d ark  

s tr e a k s  ( F ig u r e  4 .5  ( d ) ,  ( g ) ,  ( j )  a n d  ( m ) )  s im i la r  to  th e  c a s e  o f  th e  a s - s p u n  S E B S .  T h is  

in d ic a t e s  a  la c k  o f  l a m e l l a e  th a t a l i g n s  p e r p e n d ic u la r  to  th e  f ib e r  a x is  w h ic h  w a s
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d i s c u s s e d  in  o u r  p r e v io u s  w o r k . 18 A  c a r e f u l  o b s e r v a t io n  o n  th e  s c a t t e r in g  p a tte r n s  o f  

th e  a s - s p u n  S E B S  f ib e r s  l e a d s  U S  to  s e e  p a tte r n  I ( e l l ip t i c a l  p a t te r n )  a n d  p a tte r n  II 
( f o u r - s p o t  o r  fo u r - s t r e a k  p a t te r n )  a s  q u o t e d  in  F ig u r e  4 .5  (b ) .  T h e  e l l ip t ic a l  p a tte r n  

r e f le c t s  th e  d i s t o r t e d - la m e l la r  m ic r o d o m a in s  w h i c h  m ig h t  c o m e  fr o m  th e  s t r e tc h in g  

s t r e s s  a s  s i m p l i f i e d  in  F ig u r e  4 .5  ( f )  w h e r e a s  th e  f o u r - s p o t  p a tte r n  r e fe r s  to  th e  

f r a g m e n t e d  la m e l la r  s tr u c tu r e  a s  i l lu s tr a t e d  in  F ig u r e  4 .5  ( c ) .  ( s e e  M ic r o d o m a in  

s tr u c tu r e  o f  a s - s p u n  S E B S  f ib e r s )
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Figure 4.5 2 D - S A X S  p attern s o f  (a )  a s -s p u n  S E B S  e le c tr o s p in in g  f ib er s  c o l le c te d  at 
3 1 0  m /m in , an d  a s - s p u n S 7 5 B Z 2 5 e le c tr o s p in n in g  f ib e r s  c o l le c t e d  a t : (d )  3 1 .5  m /m in ,  
(g )  3 1 0  m /m in , (j) 6 2 0  m /m in  an d  (m )  1 2 4 0  m /m in . (b ) , ( e ) ,  (h )  a n d  (k ) are s c h e m a tic  
illu s tr a t io n s  h ig h lig h t in g  th e  fea tu res  o f  th e  2 D - S A X S  p a ttern s  o f  (a ) , (d ) , (g )a n d  (j) ,  
r e s p e c t iv e ly ,  ( f ) , ( c )  an d  (i); an d  ( i )  are p o s s ib le  m o d e ls  to  re p r e se n t (I) d is to r te d -  
la m e lla r , (II) o b liq u e -h e r r in g b o n e  a n d  (III) p a r a lle l-h e r r in g b o n e  stru ctu re , 
r e s p e c t iv e ly .
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In  th e  c a s e  o f  S 7 5 B Z 2 5  f ib e r s  c o l l e c t e d  a t th e  l o w e s t  ta k e -u p  v e l o c i t y ,  i .e .
3 1 .5  m /m in .  b o th  e l l ip t i c a l  p a tte r n  a n d  f o u r - s p o t  p a tte r n  a re  id e n t i f ie d  ( F ig u r e  4 .5

( d ) ) .  It i s  im p o r ta n t  to  n o t e  th a t  th e  (f> a n g le  o f  th e  f o u r - s p o t  p e a k  is  f o u n d  t o  b e  9 0 °  to  

th e  f ib e r  a x i s .  T h i s  in d ic a t e s  th a t  th e  la m e lla r  g r a in s  a re  o r ie n t e d  in  p a r a l le l  to  th e  

S D . W h e n  th e  s t r e t c h in g  w a s  v a r ie d  b y  in c r e a s in g  th e  r o ta t io n a l  d i s k  c o l l e c t o r  s p e e d ,  
fo r  e x a m p l e  to  3 1 0  m /m in ,  th e  f o u r - s p o t  p a tte r n  b e c o m e s  o b v i o u s  a n d  th e  e l l ip t ic a l  

p e a k  is  d i m in i s h e d .  T h i s  im p l ie s  th a t  a t th is  l e v e l  o f  th e  s t r e s s ,  th e  la r g e  d is to r te d  

m ic r o d o m a in  g r a in s  a r e  r u p tu r e d  to  t in y  o n e s  a n d  o r ie n t e d  o b l i q u e ly  to  th e  s t r e tc h in g  

d ir e c t io n .  F ig u r e  4 .5  ( i )  a n d  (1) s im p l i f y  th e  s tr u c tu r e  a s  a s s e t s  o f  h e r r in g b o n e s  to  

r e p r e s e n t  th e  r a p tu r e d  g r a in s .
T a k in g  th e  a b o v e  r e s u l t s  in to  o u r  c o n s id e r a t io n ,  w e  s u s p e c t  th e  

m ic r o d o m a in  f o r m a t io n  o f  S 7 5 B Z 2 5  a s  f o l lo w s .  B a s e d  o n  th e  p h y s ic a l  c r o s s l in k  

b e t w e e n  B Z  a n d  P S  b l o c k  in  S E B S  c h a in  under7T >7i;in teraction , th e  s p in n in g  s o lu t io n  

e j e c t e d  f r o m  th e  n e e d l e  P S  m ic r o d o m a in s  w e r e  m o r e  o r  l e s s  v i t r i f ic a t e d .  A t  th a t t im e  

th e  v i t r i f i c a t e d  P S  w a s  w e l l  r e s p o n s iv e  to  th e  e x te r n a l  f o r c e ,  i .e . ,  s t r e t c h in g  fo r c e  

fr o m  r o ta t io n a l  d i s k  c o l le c t o r .  T h is  b r o u g h t  a  s ig n i f ic a n t  m ic r o d o m a in  d is to r t io n  

w h ic h  n e v e r  a p p e a r e d  in  p u r e  S E B S  c a s e .
In  o r d e r  to  c h a r a c t e r iz e  th e  h e r r in g b o n e  s tr u c tu r e  in  d e t a i l s ,  e a c h  p a r a m e te r  

fr o m  2 D - S A X S  p a t t e r n s  w a s  e x t r a c t e d  a n d  e v a lu a t e d  ( F ig u r e s  4 .5  (b )  a n d  ( e ) ) . 36 A s  

th e  i m p e r f e c t io n  in  s y m m e t r y  m a y  c a u s e  s o m e  d i f f e r e n c e s  in  e a c h  s t r e a k - l ik e  s p o t ,  
e a c h  p a r a m e t e r  w a s  a v e r a g e d  to  o b t a in  a  r e p r e s e n t a t iv e  v a lu e  .F o r  f ib e r s  c o l l e c t e d  at 

ta k e - u p  v e l o c i t i e s  o f  3 1 .5  m /m in  a n d  3 1 0 m / m i n  a s  i l lu s tr a t e d  -in  F ig u r e s  4 .5  ( e )  a n d  

(h ) ,  th e  f o u r  s tr e a k s  a r e  p a r a l le l  to  e a c h  o th e r  a n d  p e r p e n d ic u la r  to  th e  f ib e r  a x is  a s  

c a n  b e  w r i t t e n  a s  p a tte r n  III. T h e  p a tte r n  III r e fe r s  to  th e  a n is o t r o p ic  la m e lla r  -u n d e r  

th e  s h a p e d  g r a in s  o r ie n t  lo n g i t u d in a l ly  p a r a l le l  to  th e  f ib e r  a x is  a s  s c h e m a t ic  d r a w n  in  

F ig u r e  4 .5  ( i ) .  T h e  w id t h s  o f  th e  s tr e a k  in  p e r p e n d ic u la r  a n d  p a r a l le l  d ir e c t io n  to  th e  

f ib e r  a x i s  a r e  a s s i g n e d  to  p a r a m e te r s  a a n d  Ô, r e s p e c t i v e ly ,  a s  in d ic a t e d  in  F ig u r e s  4 .5  

(b )  a n d  ( e ) .  T h e  in v e r s e  p r o p o r t io n a l  to  th e  g r a in  s i z e  a n d  th e  d ir e c t io n  p e r p e n d ic u la r  

a n d  p a r a l le l  to  th e  f ib e r  a x is  a re  a l s o  s h o w n  in  F ig u r e  4 . 5 ( c )  a n d  ( i ) .  T h e  a n g le  

p a r a m e t e r s ,  <f> a n d  p ,  a r e  fo r  a n  o b l iq u e  a n g le  o f  th e  s tr e a k  w it h  r e s p e c t  to  th e  f ib e r  

a x is  a n d  fo r  a n  a n g le  b e t w e e n  th e  q  v e c t o r  p o in t in g  to  th e  p e a k  m a x im u m  a n d  th e



61

fiber axis, respectively (Figure 4.5 (b) and (e)). According to the herringbone 
structure, <j) and p are corresponding to the angles normal vectors of the grain, ท(1, 
and to the lamellar microdomain, ท1 , with respect to the fiber axis, respectively 
(Figure 4.5 (c) and (i)). The magnitude of q  vector at the peak maximum is denoted 
by q m, which is inversely proportional to the lamellar repeating period. For the fibers 
collected at 620 m/min and 1240 m/min, the four streaks are obliquely oriented to the 
fiber axis as pattern II (Figures 4.5 (j) and (m)) as in Figure 4.5 (k).

M icrodom ain  P aram eters
Figure 4.5 contains important information for quantitative analysis of 

microdomain orientation. Here, each parameter, i.e., lamellar repeating period (2 n /q ), 
grain dimension (6, and a), grain tilt angle ((j>), and lamellar tilt angle (p), were 
analyzed and calculated based on the 2D-SAX results in Figure 4.5.
For lamellar repeating period (Figure 4.6 (A)), in the case of SEBS fibers, the values 
are almost constant (about 17-18 nm) for all fibers obtained from different take-up 
velocities. This implies that the take-up velocity does not affect the lamellar of 
SEBS. However in the case of S75BZ25, the lamellar repeating periods are about 20- 
25 nm which are larger than those of SEBS. The S75BZ25 fiber obtained from the 
take-up velocity 310 m/min shows the highest lamellar repeating period. Although 
the reason is not clear to U S , the fact that this take-up velocity gives the most 
microdomain orientation parallel to the fiber axis, we assume that this velocity is a 
critical velocity that ท-ท interaction still effectively maintained (see further 
discussion in Figure 4.6 (B), and (C))

The a  andô values (Figure 4.6 (B)) are relevant to the grain dimension. For 
comparative information, the a  andS values, which can be roughly approximated to 
be the width and length based on 27i/q, were considered. In the case of SEBS, the 
grain dimension based on CT values (0.28-0.34 nm'1) and 8 values (0.09-0.12 nm'1) 
could be referred to the width and length of 18-20 nm and 51-75 nm, respectively. 
This indicates that although the take-up velocity was varied, the changes of the grain 
dimension are not significant.
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In the case of S75B25, the a  values (0.24-0.28 nm'1) and § values (0.04-0.08 
nm'1) could be referred to the width and length of about 22-26 nm and 80-150 nm, 
respectively (Figure 4.6 (B)). The take-up velocities at 310 m/min initiate the length 
of the grains to be the highest which is 150 nm. This implies (i) the take-up velocity 
did not have the effect on the width (cr) as much as on the length (Ô), and (ii) a 
certain level of take-up velocity initiates the longest grain of lamellae.

It is important to note that both parameters, aand 5, of S75BZ25 are smaller 
than those of the as-spun SEBS, in other words, the lamellar microdomains of 
S75BZ25 are relatively larger than those of the as-spun SEBS. This might come from 
the more vitrificated microdomains due to the ท-ท bonded network between BZ and 
PS segments in SEBS.

The (j) and (1 values allow U S  to consider how the SEBS fibers align to the 
SD. The (j) values maintain at 78-80° for all take-up velocities (Figure 4.6 (C)). The 
Rvalues of SEBS fibers are about 50° for all take-up velocities whereas those of 
S75BZ25 are varied. The take-up velocities at 31.5 and 310 m/min give the (J) values 
for 105°. This indicates a parallel directing of lamellar grains to the SD. The (j) values 
abruptly drop to 78° when the take-up velocity is above 310 m/min. For p values, 
those of SEBS are maintained at about 60° whereas those of S75B25 are maintained 
at about 80°. It should be noted that both angle parameters, pand <t>, are higher than 
those of SEBS fibers for all take-up velocities. As compared to the SEBS fibers, 
S75BZ25 shows lamellar microdomains and microdomain grains directing parallel to 
the fiber axis or SD.

Corresponding to those parameter changes upon increase the take-up 
velocity (in other words, increase the stretching force) the change of the 
microdomains in real space can be concluded as follows. In the case of S75BS25 
fibers, at low take-up velocity, i.e. 31.5 m/min, the internal structure was stretched 
resulting in distortion of lamellar grains and some parts were fractured into large 
fragmented-lamellar grains, showing the longest of grain length (the lowest a  value), 
and the orientation parallel to the SD. As the stretching force increased, the distorted 
and large fragmented grains are fractured to tiny ones but still in an orientation
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parallel to the SD as evidenced from the <j) = 90°for the take-up velocity at 310 
m/min).

Figure 4.6 Structural parameters of as-spun electrospinning fibers collected at 
various take-up velocities: lamellar repeating periods of SEBS (•) and S75BZ25(o); 
peak width parameters a  and Ô of SEBS (A) and (■ ), and S75BZ25 (A) and (อ); 
angle parameters p and (j) of SEBS (♦ ไ and (T ) and S75BZ25 fv), (O), respectively.



64

To examine the individual grain more concretely, other three parameters,
i.e., persistence length of the fragmented lamellae (Ip), packing angle (a), and 
number of the packed lamellae in the grain (m ) (Figure7) were considered. Their 
geometrical definitions are expressed as the following equations36

Ip = k

Ip = k

with

, and

(T C O S ( j i  +  <fi — ^) for a  > tan-1 0 )j; (k is arbitrary constant) (1) 

dcos 0  + (p — ^) for V  < tan-1 0 )1  (2)

a  = ท - (p+ cf>) ( 3 )

m =  k q m ( o ~ 2 + 5 ~ 2 ) 1 / 2 C 0 S a + tan -1 ( 4 )

To simplify the calculation, k was assumed to be unity, and the calculated 
parameters are shown in Figures 4.7. In the case of SEBS fibers, both /pand avalues 
are consistent for all take-up velocities. For ร75B25 fibers, the /pValues are about 8- 
16 nm which are 4-6 times higher than that of SEBS. It is important to note that the 
/pValues are significantly high at the low take-up velocity until 310 m/min and 
decreases afterward. In contrast, theavalues are small at the low take-up velocity and 
increases with an increase of the take-up velocity. The a  values of S75BZ25 fibers 
are smaller than that of SEBS fibers in all take-up velocities suggest that the 
longitudinal-axis direction of the lamellar microdomains ( l i )  orients in closer angle 
to the longitudinal-axis direction of the lamellar grains (Iq ) in S75BZ25 fibers than 
that in the SEBS fibers. The low a  angles emphasize that the S75BZ25 lamellar 
microdomains and their grains are parallel to the fiber axis or SD. As shown in 
Figure 4.7 (D), the concrete image regarding to Ip and a  is that each grain of 
S75BZ25 consists of the very long but little tilt lamellar.

Figure 4.7 (C) declares the number of the packed lamellar of S75BZ25 is 
fewer than that of SEBS for all take-up velocity. This implies that in a certain value 
containing SEBS and BZ, the lamellar microdomain might be occupied by the BZ, in
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other words, the SEBS might gave the larger lamellar repeating period resulting in 
the small amount of the number of the packed lamellar.

Figure 4.7 Persistence length of the fragmented lamellae (Ip), packing angle (a) 
andnumber of the packed lamellae in the grain (m ), where arbitrary constant (k) in 
equation (1), (2) and (4) was assumed to be unity, of SEBS (•), (À) and (■ ); and 
S75BZ25 (o), (A) and (อ) as-spun electrospinning fibers, respectively, collected at 
various take-up velocities
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C ritical L evel o f  M olecu lar Interaction  in R esponsive to F iber Stretching
Here, another important point is needed to be clarified. As illustrated in 

Scheme 4.2, the TC-TC interaction plays an important role in forming physical crosslink 
network between SEBS and BZ during fiber spinning. It comes to our question that 
at what level that the stretching force overcomes this interaction. As the stretching 
force can be controlled by the fiber take-up velocity, the velocity was further 
increased to observe the change of microdomain. Figure 4.5 (j) shows that when the 
S75BZ25 was collected at the velocities of 620 m/min and 1 240 m/min, the oblique 
four-streak pattern is observed again. In other words, the 2D-SAXS patterns become 
similar to that in the as-spun SEBS fibers (Figure 4.5 (a)).

Figure 4.6 also confirms how the applied force obtained from the high take- 
up velocities, i.e. 620 m/min and 1 240 m/min affects the physically bonded network 
between BZ and SEBS. For example, the lamellar repeating period, and the Ô anda 
values become close to those of SEBS when the take-up velocities are 620 m/min 
and 1 240 m/min. In fact, at those velocities, the (j) angles also disrupt from 90° 
suggesting a significant disorientation of the lamellar grain respecting to the fiber 
axis (Figure 4.6 (c)). The results obtained from Figure 4.7 indicate the grain details 
become similar to those of SEBS.

C om parative M icrodom ain  O rientation  betw een SE B S and S75BZ25
To simplify the discussion on microdomain orientation, the models 

highlighting a single grain of lamellar microdomains are schematically drawn based 
on the 2D-SAXS results (Figure 4.8). ForS75BZ25 fibers collected at 31.5 m/min, 
the stretching initiated a preferential orientation of the grain to be almost parallel to 
the fiber axis as well as the lamellar orientation. For the take-up velocity of 310 
m/min, although the grains are still oriented parallel to the fiber axis, the grains are 
fractured to the smaller ones as compared to those of the fibers collected at 31.5 
m/min.

When the take-up velocity becomes higher (610 m/min, and 1240 m/min),

the orientation of the grain and the lamellae became loose as evidenced from the

oblique orientation in 2D-SAXS patterns. The packing of the lamellae became
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similar to that of the SEBS fibers. Thus, it seems that there is a critical level in 
between 310 m/min and 620 m/min of the disk collector speed to overcome the 
parallel orientation of S75BZ25 to be shifted from the fiber axis. In other words, (i) 
the optimal rotational disk speed to direct microdomain orientation of 
S75BZ25fibersto the fiber axis is about 310 m/min, and (ii) at the rotational disk 
speed more than this, the Tt-rc interaction between SEBS and BZ in S75B25 might be 
weaken and as a result, the microdomain orientation became significantly shift from 
the fiber axis and became close to the ordinary SEBS.
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Figure 4.8 Schematic illustrations showing the changes of lamellar microdomain 
orientation, representing in individual grain, of SEBS and S75BZ25 as-spun 
electrospinning fibers at various take-up velocities. Note that these are quantitatively 
based on structural parameters evaluated from 2D-SAXS patterns.
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R earrangem ent o f  L am ellar M icrodom ains in S75B Z 25 Fibers under T herm al 
T reatm ent

As reported by Ma et al. and Kalra et al., the peculiar shape microdomains 
of poly(styrene-block-isoprene) (SIS) electrospun fibers show a rearrangement to a 
long-ranged ordered ones, as observed in film, after a thermal annealing.8,10' 17 In our 
previous work18, we showed that the oblique-oriented lamellar microdomains of the 
as-spun SEBS electrospun fibers performed the rearrangement to the randomly- 
oriented lamellar ones with dually preferential directions, parallel and perpendicular 
to the SD by the annealing. However, it should be noted that those preferential 
orientations of the long-ranged microdomains were observed only in the fibers 
collected at high take-up velocities (610 and 1 240 m/min) although the as-spun 
fibers collected at the lowest take-up velocity (31.5 m/min) showed the most 
distorted lamellae. Thus, it comes to the question how the highly-oriented lamellar 
microdomains in the as-spun S75BZ25 fibers rearrange themselves by thermal 
treatment.

The fibers were fixed by epoxy glue before annealing at 170°c for 3 hours 
to maintain the fiber structure as original ones. Figure 4.9 (A) shows 1D-SAXS 
profiles (circular average of 2D-SAXS patterns) of annealed S75BZ25 fibers 
including the films of SEBS and S75B25 for comparative discussion. The as-cast 
SEBS films show the lamellar repeating period for -26.6 nm (profile (a)). The 
S75BZ25 films before curing show the lamellar repeating period for -28.1 nm 
(profile (b)) which confirms the occupation of BZ in the lamellar microdomains. 
After this film was cured, the lamellar repeating period decreases to -24.3 nm 
(profile (c)). This suggests a removal of remaining strain based on the thermal 
treatment. In the case of S75B25 fibers, (profiles (d)-(f)), the lamellar periods of all 
fibers appear at the same position at -21.9 nm. This indicates the tight lamellar 
period as compared to that of the films.

Figure 4.9 (B) shows 2D-SAXS patterns for the annealed S75BZ25 fibers 
which were collected at the varied take-up velocities. It is clear that the microdomain 
relaxations of all fibers were formed resulting in the isotropically symmetrical ring. 
This suggests that the fragmented-lamellar microdomains reorganize to a favorable
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random morphology according to SEBS chain relaxation. Moreover, it should be 
noted that the preferential orientation of lamellar microdomains after curing is 
discernible as referred to the intensity accumulation on both equatorial and 
meridional directions for the first-order peak (arrows in Figure 4.9 (B)).
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F i g u r e  4 .9  (A) 2D-SAXS patterns of the post-cured S75BZ25electrospinning fibers 
collected at : (a) 31.5 m/min, (b) 310 m/min, (c) 620 m/min and (d) 1240 m/min, and 
(B) SAXS profiles of : (a) as-cast SEBS film, (b) pre-cured S75BZ25 film, (c) post- 
cured S75BZ25 film and post-cured S75BZ25 electrospinning fibers collected at : 
(d) 31.5 m/min, (e) 310 m/min, (f) 620 m/min and (g) 1240 m/min. The fibers were 
fixed in adhesive epoxy before curing at 170°c for 3 hours.
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To clarify the intensity accumulation, the intensity distributions with 
azimuthal angle (cp) were scanned (Figure 4.10 (A)). The accumulated intensities in 
parallel direction (equatorial direction), i.e. 99 0 ° , 270°, and perpendicular direction 
(meridional direction), i.e. cpo°. 180°, to the SD are observed. The annealed fibers 
collected at 310 m/min, 620 m/min, and 1240 m/min, show the significant 
accumulated intensity at 990» , 270° rather than those at 9 o ° , 360°- This indicates that, 
during the annealing, the stress stored in the SEBS chains was released. 
Consequently, it induces the long-range ordered microdomains preferentially 
oriented in the SD. To concretely evaluate the microdomain orientation, a Herman’ร 
orientation function (/) was calculated from the following equations:

[ 3 ( c o s 2 9  -  1 ) ]  ( 5 )
'  = 2

and,

(cos »  = (6)
fo  I (< p )  sin<pd<p

The /  value is unity in the case of perfectly parallel orientation of lamellar 
microdomains, and is -0.5 in the case of lamellae oriented perfectly perpendicular to 
the fiber axis. In the case of randomly lamellar orientation, the f  value is nearly zero. 
However, in our case, the patterns show dually accumulated-intensity directions. 
Thus, the/ 90», 270°,andfo°, 180° were separately calculated in the range of 50-125° and 
230-320° for 990» , 270°, and of 125-230° and 320-410° for 9o», 180°,respectively. As 
shown in Figure 10 (B), the^90°,270° and7o°, 180° values are in the range 0.03-0.22 and - 
0.04 to -0.06, respectively, which are quite small as compared to those of the 
perfectly parallel- and perpendicular-oriented lamellae. This indicates that the 
remaining stress can induce only small amount of lamellar microdomains performing 
the preferential orientation with mostly in the parallel directions to the SD. It should 
be noted that the ^90°, 270° values are increased with an increase of the take-up 
velocity, and remained almost constant at the take-up velocity above 620 m/min. 
However, fo ° t I80°values only slightly dropped at the take-up velocity above 620
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m/min. This indicates that the applied stress is store in the S E B S  chain, and, after 
thermal treatment, it causes the chain relaxation leading to rearrangement of 
microdomains, from short- to long-range ordered ones, with traces of preferential 
orientations.

2.5t------------------------------------------------------------------------
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A z im u th a l A n g le ,  < p(degree)

T a k e - u p  V e lo c i t y  (m /m in)

F i g u r e  4 .1 0  Relative intensity distribution as a function of the azimuthal angle (p 
along the first-order peak (azimuthal scan) (a) in the 2 D - S A X S  pattern of post-cured 
S 7 5 B Z 2 5  electrospinning fibers collected at: (•) 3 1 .5  m/min, ( ๐ )  3 1 0  m/min,(A) 
6 2 0  m/min and (A )  1 2 4 0  m/min, and Herman’s orientation functions if)  for the peaks 
of the azimuthal scan at cp = 9 0 °  (•) and at (p = 0 °  ( o )  of post-cured S 7 5 B Z 2 5  

electrospinning fibers collected at various take-up velocities.
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4 .5  C o n c l u s i o n s

Bisphenol-A based benzoxazines showed a strong interaction with SEBS via 
ท-ท interaction. This brought physical-crosslink networks to PS segments in SEBS 
chains resulting in vitrified PS microdomains. The microdomain orientation of SEBS 
was responsive to the stress initiated by rotational-disk collector. The velocity of 
collector, i.e. take-up velocity, is another key factor to direct the microdomain 
orientation of SEBS as evidenced from an optimal velocity (310 m/min) leading to a 
microdomain orientation with a parallel direction to the fiber axis. The velocity 
above this level was found to initiate the rupture of the physical crosslink network as 
seen from the change from parallel align to randomly aligned lamellar microdomain 
orientation. Thermal treatment of SEBS containing BZ not only initiated the curing 
of BZ to be polyBZ but also annealing SEBS. After thermal treatment, for fibers, 
their microdomain became random but some traces of orientation in parallel and 
perpendicular to the fiber axis remained. For polyBZ, the nanospheres (~80nm) 
thermosetting resins were obtained and this will be reported in our up-coming article. 
The present work shows a model case to control the microdomain orientation for the 
electrospun fibers. The SEBS electrospun fiber containing BZ under macroscopic 
external stimulus of stretching force along with a specific interaction at molecular 
level of ท-ท interaction between SEBS and BZ proved to us that we could direct the 
microdomain orientation to be almost perfectly parallel to the fiber axis.
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