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ABSTRACT

The m i s c i b i l i t y  o f p o ly e th e rsu lp h o n e  (PES) w ith  a number 
o f polym ers has been i n v e s t ig a t e d .  P o ly (e th y le n e  ox ide) (PEO) and 
phenoxy r e s i n  were found to  be m is c ib le  w ith  PES. The m i s c i b i l i t y  
o f b o th  PES/PEO and PES/phenoxy b le n d s  was confirm ed  by o p t ic a l  
c l a r i t y  and by th e  o b s e rv a t io n  o f  a s in g le  com po sitio n  dependent 
g la s s  t r a n s i t i o n  te m p e ra tu re . Both o f th e  b len d s  were found to  
phase s e p a ra te  on h e a t in g  and t h i s  was confirm ed  by o p t ic a l  and 
e le c t r o n  m ic ro sco p y . The c lo u d  p o in t  curves were c o n s tru c te d  by 
tu r b id im e try .  The PES/PEO c lo u d  p o in t  curves were v e ry  skewed 
w ith  a minimum around  10 w e ig h t p e r c e n t  PES. The skewness was 
in d ep en d en t o f m o le c u la r  w e ig h t. The PES/phenoxy c lo u d  p o in t  
curve was sym m etrica l w ith  a  minimum around 50 w eigh t p e r c e n t .

A therm odynam ic i n t e r p r e t a t i o n  o f th e  m i s c i b i l i t y  o f 
PES/PEO and PES/phenoxy m ix tu re s  was o b ta in e d  by m easurem ent o f 
n e g a tiv e  ( fa v o u ra b le )  i n t e r a c t i o n  p a ram e te rs  by m e ltin g  p o in t  
d e p re s s io n  and by w ate r v ap o u r s o r p t io n .  The i n t e r a c t i o n  energy  
p a ra m e te rs , X ^ ,  f o r  b o th  the  sy stem s were a ls o  o b ta in e d  i n d i r e c t l y  
from th e  h e a ts  o f m ix ing  o f  low  m o le c u la r  w eig h t a n a lo g u es . For 
PES/PEO m ix tu re s  was c a lc u la t e d  from m e ltin g  p o in t  d e p re ss io n  
d a ta  by m o d ify ing  th e  m e lt in g  p o in t  e x p re ss io n  in  term s o f the  
e q u a tio n  o f  s t a t e  th e o ry . T h is was found to  g iv e  r e s u l t s  s im i la r  
to  tho se  o b ta in e d  from h e a t  o f m ix in g  m easurem ents. The h e a t  o f 
m ix ing  v a lu e s  f o r  PES/PEO an a lo g u es  were much g r e a t e r  th an  f o r  th e  
PES/phenoxy an a lo g u es , im p ly in g  s t ro n g e r  s p e c i f i c  i n t e r a c t io n s  in  
th e  form er sy stem . For th e  PES/PEO b len d s  s tro n g  s p e c i f i c  i n t e r -
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a c t io n s  a re  p o s tu la te d  to  be o f th e  n-TT ty p e , between the  f r e e  
e le c t r o n s  o f th e  e th e r  oxygen o f PEO and th e  TT e le c t ro n s  o f  th e  
a ro m a tic  r in g  o f PES. I n  th e  case  o f PEO/phenoxy the  m i s c i b i l i t y  
i s  p o s s ib ly  enhanced by s i m i l a r i t y  in  s t r u c tu r e  and s t a t e  p a ra ­
m e te rs . I n t e r a c t i o n s  a re  p o s s ib le  th ro u g h  th e  phenoxy hydroxy l 
group o r th e  a ro m a tic  m o i t ie s  in  b o th  th e  po lym ers.

T h e o re t ic a l  s p in o d a ls  f o r  b o th  o f the  system s gave s im i­
l a r  t r e n d s  to  th o se  o f th e  e x p e rim e n ta l phase d iagram s. For th e  
PES/PEO system  s im u la te d  s p in o d a ls  were w ell in s id e  the  c loud  
p o in t  curve b u t f o r  th e  PES/phenoxy th e y  were v e ry  c lo se  to  th e  
c lo u d  p o in t  cu rv e .

W ater vapour s o r p t io n  m easurem ents showed t h a t  none o f 
th e  PES/PEO o r  PES/phenoxy b le n d s  abso rb ed  l e s s  w ater th an  pure  
PES, as has been  p re v io u s ly  s t a t e d  fo r  PES/PEO m ix tu re s .
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CHAPTER 1

INTRODUCTION

The co n cep t o f  m ix ing  two o r more polym ers to  o b ta in  a new
m a te r ia l  w ith  d e s i r a b le  p r o p e r t i e s  d a te s  back to  as e a r ly  as th e  

1e le v e n th  c e n tu ry  . The c o a t in g s  and ru b b e r i n d u s t r ie s  have long  
been b le n d in g  to g e th e r  d i f f e r e n t  polym ers to  g e t  the  r e q u ir e d  p ro d u c t 
p r o p e r t i e s .  Over th e  y e a r s ,  num erous sytem s b ased  on the  chem ical 
com bination  o f d i f f e r e n t  monomers th ro u g h  random, b lo ck  and g r a f t  
c o p o ly m e risa tio n  have been  d ev e lo p ed  to  improve on th e  in d iv id u a l  
polym er p r o p e r t i e s .  The p h y s ic a l  m ix ing  o f two o r more h ig h  
m o le c u la r  w eig h t polym ers to  form a homogeneous b len d  in  o rd e r  to  
im prove th e  p r o p e r t i e s  o r o b ta in  new p ro d u c ts  was c o n s id e red  im p o ss ib le , 
m a in ly  because th e  c o m b in a to r ia l  e n tro p y  o f m ix ing  f o r  two h ig h  m ole­
c u la r  w eig h t polym ers i s  e x tre m e ly  s m a ll , and m ixing i s  d i f f i c u l t  due 
to  k i n e t i c  re a so n s  (v e ry  sm a ll d i f f u s io n  r a t e s ) .  D uring  the  l a s t  
decade i n t e r e s t  in  polym er b le n d s  h as  g r e a t ly  in c re a s e d  f o r  th e  
fo llo w in g  re a so n s
( i )  th e  low  developm ent c o s ts  in v o lv e d  in  m ixing two polym ers,
( i i )  th e  h ig h  c o s t  o f  d ev e lo p in g  new monomers and making new 

polym ers,
( i i i )  the  h e a l th  and en v iro n m en ta l p r o te c t io n  l e g i s l a t i o n  which 

adds to  th e  problem s o f m a n u fac tu r in g  and m ark e tin g  new 
m a te r ia l s ,

( iv )  th e  ea sy  p ro c e s s in g  o f polym er b le n d s ,
(v) the  advan tage  o f c o n t r o l l i n g  p r o p e r t ie s  and c o s t  a t  w i l l ,
( v i )  th e  g r e a t  v e r s a t i l i t y  i n  p ro d u c in g  new and u s e fu l  p ro d u c ts .



I k

In  t h i s  work, p o ly e th e rsu lp h o n e  (PES) polym er b len ds a re  
s tu d ie d .  The b le n d s  o f p o ly e th e rsu lp h o n e  w ith  p o ly (e th y le n e  ox id e) and 
w ith  phenoxy r e s in s  a re  i n v e s t ig a t e d  in  d e t a i l .
1 .1  THERMODYNAMICS OF MIXTURES

I n  polym er-polym er b le n d s , the  term  m i s c i b i l i t y  im p lie s  
hom ogeneity  on a m o le c u la r  s c a le  and th e  b len d  behaves as  a s in g le  phase 
system . A b len d  showing o p t i c a l  c l a r i t y  and a s in g le  g la s s  t r a n s i t i o n  
tem p e ra tu re  i s  c o n s id e re d  m is c ib le .  From a therm odynamic p o in t  o f v iew  
th e  s t a t e  o f m i s c i b i l i t y  o f any m ix tu re  i s  governed  by th e  f r e e  energ y  
o f m ix ing , A G , which m ust be n e g a t iv e  f o r  m ix ing  to  o cc u r. A G^ i s  
g iv en  by s

AG = AH -  TA S m m  m 1.1

where AHm an d A S ^  a re  th e  e n th a lp y  and en tro p y  changes on m ix ing , and 
T th e  a b s o lu te  te m p e ra tu re . F ig u re  1 .1  shows th re e  p o s s ib le  ways in  
which th e  f r e e  energ y  o f m ix ing  may v a ry  w ith  th e  com position  o f the  
o v e r a l l  m ix tu re  (0̂  = volume f r a c t i o n  o f component i )  . In  case A,
where a 'G i s  alw ays p o s i t i v e ,  th e  two components a re  n o t  m is c ib le  w ith  
each  o th e r .  In  case B, w here A G^ i s  n e g a tiv e , the  two components a re  
co m p le te ly  m is c ib le  i n  a l l  p r o p o r t io n s .  In  case C, A G^ i s  a ls o  nega­
t iv e  b u t  th e  components a re  o n ly  p a r t i a l l y  m is c ib le .  T his i s  b ecause  
th e re  i s  a hump in  th e  f r e e  en e rg y  d iag ram . I n  th e  c e n t r a l  re g io n  
th e  m ix tu re  can develop  a  low er f r e e  energy  by p a r t i a l  s e p a r a t io n  in to  
two p h a se s . Thus a n e g a tiv e  f r e e  en e rg y  o f m ixing i s  a n e c e s sa ry , b u t  
n o t  a s u f f i c i e n t  c o n d it io n  f o r  m i s c i b i l i t y  o f polym er m ix tu re s .

The c o m b in a to ria l  e n tro p y  o f m ixing i s  u s u a l ly  tak en  in  th e
2form o f th e  c l a s s i c a l  F lo ry -H ug g in s th e o ry  as :

A sm = “K (N ^ ln ^  + N , In 0 2) =  -R  ln 0 ± + n2 ln 0 2) 1 .2

where N ., n . and 0. a re  th e  number o f  m o lecu le s , number o f m oles andl  l  ’
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F ig u re  1 .1  F ree  en e rg y  o f m ix in g  f o r  b in a ry  m ix tu re s  which a re  com plete ly  
im m isc ib le  (A ), c o m p le te ly  m is c ib le  ( b ) ,  and p a r t i a l l y  m is­
c ib le  (c ) .

volume f r a c t io n  o f component i  r e s p e c t i v e l y .  Thus as th e  m o lec u la r 
w eig h ts  o f th e  two com ponents te n d  to  i n f i n i t y ,  N^and te n d  to  zero  
and th e  e n tro p y  o f m ix ing  te n d s  to  z e ro .

The h e a t  o f  m ix ing  can be th o u g h t o f as an exchange en erg y  (w) 
o f  b re ak in g  l / l  and 2 /2  c o n ta c ts  and  form ing l / 2  c o n ta c ts  as :

AHm = VZW 01fl2/Vs 1>3

where Z i s  a c o o rd in a t io n  num ber, V th e  t o t a l  volume and Vg a segm ent 
volum e, o r in  term s o f th e  F lo ry -H u g g in s  i n t e r a c t i o n  p a ram e te r, X

AHm = E T n ^ 2 X12 1>4

where n^ i s  th e  number o f m oles o f component 1 . Or in  the  absence o f  
any s p e c i f i c  i n t e r a c t i o n s ,  th e  e n th a lp y  can be p r e d ic te d  u s in g  ( H ild e ,-  
b ra n d ’ s ; s o l u b i l i t y  p a ra m e te rs  o f  th e  components ( ^  and <$ )

AHm = T( \  -  % ) 2 0lSS2 1 .5
E q u a tio n  1 .5  su g g e s ts  t h a t  A H m u st alw ays be p o s i t iv e  and on t h i s  b a s is  
h ig h  polym ers sh o u ld  h o t  be m is c ib le  (e x c e p t when o-̂  = Sg)* T his ex­
p ec ta n c y  was borne o u t by th e  f a c t  t h a t  90 p e rc e n t  o f the 73 polym er
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p a i r s  i n v e s t ig a te d  by Dobry and  Boyer-Kawenoki were im m isc ib le . T h is 
approach  i s  o n ly  a p p l ic a b le  to  m ix tu re s  o f n o n -p o la r  m o lecu les  w ith  
p o s i t iv e  e n th a lp ie s  o f m ix in g .

Due to  th e  sh o rtco m in g s o f the  l a t t i c e  model and i t s  i n a b i l i t y  
to  p r e d ic t  e x p e rim e n ta l r e s u l t s ,  F lo ry  and co -w o rk erl’ ^ dev e lo p ed  an 
"e q u a tio n  o f s t a t e "  th e o ry . They t r e a t e d  m o lecu le s  as h a rd  sp h e res  w ith  
equa l volum es. The h a rd  core p r o p e r t i e s  were in tro d u c e d  which a llo w ed  
c a lc u la t io n  o f  a l l  th e  therm odynam ic p a ram e te rs  and t h e i r  co rre sp o n d in g  
ex cess  v a lu e s .  P o s s ib le  volume changes on m ixing  and e x t r a  c o n tr ib u t io n s  
to  th e  f r e e  en erg y  o f m ix ing  w ere c o n s id e re d  which were assumed to  be 
zero  in  e a r l i e r  t h e o r i e s .  The th e o ry  i s  d is c u s s e d  in  C hapter 2 .

The b a s ic  energ y  e q u a tio n  1 .1  im p lie s  t h a t  m i s c i b i l i t y  betw een 
two o r more polym ers i s  p o s s ib le  u n d e r th re e  c o n d it io n s  :
(a )  For low  m o le c u la r  w e ig h t po lym ers the  c o m b in a to ria l en tro p y  o f

gm ixing  w i l l  n o t  be n e g l ig i b l e  and hence m ixing  can occur .
(b ) Polym ers o f s im i l a r  c o m p o s itio n , g iv in g  a v e ry  sm all u n fav o u rab le  

h e a t  o f m ix ing  co u ld  be m is c ib le  i f  t h i s  i s  outw eighed by a sm all 
fa v o u ra b le  e n tro p y  o f m ix in g . The commonest example o f t h i s  i s  
th e  case o f copolym ers w ith  d i f f e r i n g  com position  w ith  r e s p e c t
to  th e  two com ponents. Any copolym ers m ust show some v a r i a t io n  
in  co m p o sitio n  and y e t  th e y  a re  n o rm a lly  c o n s id e red  to  be homo­
geneou s. Many com m ercial copolym ers a re  p o ly m erised  to  h ig h  
c o n v ers io n  u n d er f a r  from  a z e o tro p ic  c o n d it io n s  so t h a t  la r g e  
v a r i a t i o n s  m ust e x i s t .  I t  w ould n o t  be s u p r is in g  i f  phase 
s e p a r a t io n  o c c u rre d  u n d e r some c irc u m s ta n c e s .
O ther exam ples in  t h i s  c a te g o ry  a re  polym ers in  two s te r e o r e g u la r  

9 10 11 12form s 1 * , po lym ers which a re  c h em ica lly  v e ry  s im i l a r
1 ^such  as p o ly (m e th y l a c r y l a t e )  and p o ly (v in y l  a c e ta te )  , v a r io u s
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c h lo r in a te d  p o ly (v in y l  ch lo rid es)(F V C ) w ith  FVC14’ 15 and
16c h lo r in a te d  p o ly e th y le n e s  w ith  PVC

(c )  Polym ers g iv in g  a fa v o u ra b le  (ex o th erm ic) h e a t  o f m ixing due
to  s p e c i f i c  i n t e r a c t i o n s  a re  in  g e n e ra l m is c ib le .  For example

3.7 18 lQth e  m i s c i b i l i t y  o f v a r io u s  p o ly e s te r s  ’ , p o ly a c ry la te s  ,
and p o ly (v in y l  a c e t a te )  copolym ers w ith  p o ly (v in y l  c h l o r i d e ) ^
i s  c o n s id e re d  to  be due to  th e  p o s tu la te d  weak hydrogen bond
betw een h a lo g en  c o n ta in in g  polym ers and oxygen c o n ta in in g
polym ers,

eg . = 0 -------- H -C - Cl
A no ther p o s tu la te d  i n t e r a c t i o n  which has n o t  been w ell s tu d ie d  
i s  t h a t  betw een e th e r  g ro up s and  a ro m a tic  r in g s  which may be 
r e s p o n s ib le  f o r  th e  m i s c i b i l i t y  o f p o ly s ty re n e  and p o ly (v in y l  
m ethyl e t h e r ) .  I n t e r a c t i o n s  p ro b a b ly  e x i s t  between o th e r  
g roups and a ro m a tic  m o ie t i e s .
The m a jo r i ty  o f m is c ib le  h ig h  polym ers f a l l  in  th e  l a s t  c a te g o ry  
im p ly ing  t h a t  a  fa v o u ra b le  h e a t  o f m ix ing  due to  s p e c i f i c  i n t e r ­
a c t io n s  i s  th e  dom inant f a c t o r  f o r  d e te rm in in g  m i s c i b i l i t y .

21Newton v e ry  c ru d e ly  m ixed  low  m o lec u la r w eig h t ana logues o f 
a p p ro x im a te ly  200 p o ly m ers . Seven p re v io u s ly  u n s tu d ie d  p a i r s  
were found to  have fa v o u ra b le  h e a ts  o f m ix in g , and o u t o f 
th e s e ,  s ix  polym er p a i r s  were found to  be m is c ib le .  E a r l i e r

17Cruz e t  a l  con c lud ed  t h a t  th e  polym er p a i r s  whose o lig o m eric  
an a log u es have n e g a tiv e  h e a ts  o f m ix ing , a re  l i k e l y  to  be 
m is c ib le  and polym er p a i r s  whose o lig o m eric  ana log u es g iv e  
p o s i t iv e  h e a t  o f m ix in g , a re  in v a r ia b ly  l i k e l y  to  be im m isc ib le .

Many poiym ers show a v a r i a t i o n  in  m i s c i b i l i t y  w ith  te m p e ra tu re . 
Low m o lec u la r w e ig h t p o ly m ers, g iv in g  p o s i t iv e  h e a ts  o f m ix ing , a re  more
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m is c ib le  a t  h ig h e r  te m p e ra tu re s  and may phase s e p a ra te  on c o o lin g , show­
in g  u pper c r i t i c a l  s o lu t io n  te m p e ra tu re  b eh av io u r (UCST). A s t a b le  homo­
geneous t r a n s p a r e n t  m ix tu re  o f - m is c ib le  h igh  m o lecu la r w eight polym ers 
o f te n  phase s e p a r a te s  a t  a c e r t a i n  tem p e ra tu re  on h e a t in g  showing 
low er c r i t i c a l  s o lu t io n  te m p e ra tu re  (LCST) b eh a v io u r.

In  th e  case o f  low  m o le c u la r  w eight polym ers i s  fa v o u ra b le
and th e  term  T A in  e q u a tio n  1 .1  becomes more fa v o u ra b le  a t  h ig h  temp­
e r a tu r e s .  I f  e q u a tio n s  1 .2  and  1 .4  a re  s u b s t i t u t e d  in to  e q u a tio n  1 .1  
a t  a s e r i e s  o f te m p e ra tu re s , th e n  th e  p lo t  o f A G a g a in s t  com po sitio n  
0̂  may be as g iv en  in  F ig u re  1 .2 .  T h is c a lc u la t io n  i s  b ased  on th e  
sim ple  F lo ry -H ug g ins l a t t i c e  th e o ry  and g iv e s  :

A Gm = HT (n p u f^  +  1#g

a t  th e  polym er p a i r  i s  m is c ib le  i n  a l l  p ro p o r t io n s  and /S 02

i s  p o s i t iv e  o v er a l l  c o m p o s itio n s . A t com po sitions betw een 0̂  and  
0 t̂ can phase s e p a ra te  to  re d u c e  th e  o v e r a l l  energ y  to  g iv e  two p h ases  
a t  com positio ns 0̂  and 0 }̂ w here th e  v a lu e s  :

3 (4Gm) / ¥ 2 = 3
A t Tg th e  two p o in ts  m eet a t  th e  c r i t i c a l  p o in t  and

a V m) 4 ^  = S 3 ( a GJ / ^ l  = 0 1 ‘ 8
Between 0 and 0 and betw een  0 and  0g , a re g io n  o f m e t a s ta b i l i ty  
o c c u rs . T h is a r i s e s  b ecause  any  sm a ll f l u c tu a t io n s  which occur in  th e  
com p o sitio n , p roduce an in c r e a s e  i n  energy  which a c ts  as a b a r r i e r  to  
phase s e p a r a t io n .  I f  co m p o sitio n  X (F ig u re  1 .2 )  phase s e p a ra te s  to  a  
m ix tu re  o f Y and  Z, th e  av e rag e  e n e rg y  i s  h ig h e r .  The phase s e p a r a t io n  in  
t h i s  a re a  can o n ly  o ccu r by n u c le a t io n  and g row th . Between $g and 
c o n c e n tra t io n  f lu c tu a t io n s  a re  s t a b l e  and phase s e p a ra t io n  can tak e  
p la c e  by sp in o d a l d eco m p o sitio n . The sp in o d a l curve i s  g iv en  by :

32( A G J /  3$ 2 = 0 1.9
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F ig u re  1 .2  The phase d iagram  f o r  a sy stem  showing upper c r i t i c a l  b eh av io u r 
A t tem p e ra tu re  m ix tu re s  are^ s ta b le  a t  a l l  com po sitio ns where 
as a t  phase s e p a r a t io n  can o ccu r. The o r ig in s o f  t h i s  phase 
s e p a r a t io n  a re  shown i n  the  low er diagram  which shows th e  p lo t  
o f f r e e  energ y  a g a in s t  com position  a t  T.^. A m e ta s ta b le  reg io n  
e x i s t s  betw een th e  b in o d a l and the sp in o d a l p o in ts ( 0 . 0 ’ and 
0 g , 0 ’ . r e s p e c t i v e l y ) . The i n s e t  in  th e  low er diagram  shows 
t h a t  i f  co m p o sitio n  X p a r t i a l l y  phase s e p a ra te s  in to  Y and Z 
the  av erage  f r e e  en e rg y  i s  h ig h e r  even though com plete phase 
s e p a r a t io n  to  0 ^  and  0-  ̂ p roduces a low er en erg y .
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The r e s u l t a n t  phase d iagram  i s  shewn in  F ig u re  1 .2 .  The l in e  
co n n ec tin g  p o in ts  w hich s a t i s f y  e q u a tio n  1 .7 ,  on the  tem p era tu re  
com po sitio n  d iagram , i s  c a l l e d  the  b in o d a l cu rv e .
In  th e  case o f h ig h  m o le c u la r  w e ig h t po lym ers, a s im i la r  phase 
d iagram  i s  o b ta in e d  b u t u p s id e  down,phase s e p a r a t io n  o ccu rs on 
h e a t in g  and th e  c r i t i c a l  p o i n t  i s  c a l le d  th e  low er c r i t i c a l  
s o lu t io n  te m p e ra tu re . The o r ig in s  o f t h i s  phase s e p a ra t io n  a re  
more complex b u t  can be due to  th e  fo llo w in g  p o s s ib le  cau se s .
(a )  The e q u a t io n - -o f - s ta te  term s as c a lc u la te d  b y  F lo ry  and co-

5 6w orkers ’ , w hich ta k e  in to  acco u n t th e  volume changes on
m ix ing  become more u n fa v o u ra b le  a t  h ig h e r  tem p e ra tu re . The
e f f e c t  o f th e  polym er p r o p e r t i e s  and th e  r e s u l t a n t  phase d ia -

22grams u s in g  t h i s  th e o ry  have been r e p o r te d  by McMaster
(b ) S p e c if ic  i n t e r a c t i o n s  w ith in  th e  system  i n f e r  o rd e r in g  o f th e  

system  r e s u l t i n g  in  a  l a r g e r  n e g a tiv e  e n tro p ic  c o n tr ib u t io n  
to  th e  f r e e  energ y  e q u a t io n .

(c )  The h e a t  o f m ix ing  c o u ld  be tem p e ra tu re  d ependen t. A lthou gh
fa v o u ra b le  a t  low  te m p e ra tu re s  i t  may become l e s s  so a t  h ig h e r
tem p e ra tu re s  as s p e c i f i c  i n t e r a c t i o n s  d is s o c ia te . .  T h is may
be an im p o r ta n t f a c t o r  b u t  a s  y e t  no th e o ry  d e s c r ib e s  i t .

The problem  o f s p e c i f i c  i n t e r a c t i o n s  has been r e c e n t ly  
23d is c u s s e d  by W alsh e t  a l  who con clu d ed  t h a t  th ey  p la y  a m ajor

24p a r t  in  po lym er-polym er m i s c i b i l i t y .  M oskala e t  a l  s tu d ie d  th e  
changes in  i n f r a - r e d  s p e c t r a  on h e a t in g  o f b len d s  o f c h lo r in a te d  
p o ly e th y le n e  w ith  e th y le n e - v in y l  a c e ta te  (EVA) copolym ers. The 
g ra d u a l re d u c t io n  in  i n f r a - r e d  s h i f t ,  w ith  in c re a s in g  c h lo r in a te d  
p o ly e th y le n e  c o n te n t , was a t t r i b u t e d  to  a d i s s o c ia t io n  o f t h i s  s p e c i f i c  
i n t e r a c t i o n  on h e a t in g .  S tu d ie s  o f  b len d s  o f FVC w ith  p o ly c a p ro la c to n e  
showed s h i f t s  o f 4 -  6 cm i n  th e  carbo n yl band o f p o ly c a p ro la c to n e
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r e l a t i v e  to  pure  polym er ’ , b u t  t h i s  f ig u re  sh o u ld  be t r e a t e d  w ith
c a u tio n  as the  peak, p ro b a b ly  c o n s i s t s  o f the  sum o f s h i f t e d  and u n s h i f te d
peaks and i t - i s  d i f f i c u l t  to  sa y  w hat the  freq u en cy  o f s h i f t e d  peals'would
be and what f r a c t i o n  o f ca rb o n y l g ro up s a re  in v o lv e d  in  the  in te r a c t io n .

26O la b is i  m easured  a n e g a tiv e  i n t e r a c t i o n  p aram ete r f o r  FVC
w ith  p o ly  ( £ -c a p ro la c to n e )  by in v e rse  gas chrom atography (iG C ). He
concluded  t h a t  m i s c i b i l i t y  was d u e - to  a charge t r a n s f e r  i n t e r a c t i o n
w hich became w eaker a t  h ig h e r  te m p e ra tu re  g iv in g  r i s e  to  phase
s e p a r a t io n  and LCST b e h a v io u r .

27N is h i and Wang fo u nd  a  n e g a tiv e  i n t e r a c t i o n  p a ram e te r
f o r  th e  p o ly (v in y l  f l u o r id e )  (PVFg) and  p o ly (m ethy l m e th a c ry la te )  (EMMA.)

28system  by m e ltin g  p o in t  d e p re s s io n  m easurem ents. P au l and Barlow  
a ls o  found .a n e g a tiv e  i n t e r a c t i o n  .p a ram ete r f o r  PVF2-p o ly (  e th y l  m eth­
a c r y l a t e ) ,  P V F g - p o ly ^ e th y la c r y la te ) , PVF^-poly (e th y l  a c r y la te )  and 
FV F^-poly(v in y l  _m6thyL e th e r ) .  The LCST b eh av io u r o f  p o ly c a rb o n a te -  
p o ly (e -c a p ro la c to n e )  and m ix tu re s  o f PVFg w ith  p o ly (m eth y l a c r y l a t e ) ,  
p o ly (e th y l  a c r y l a t e ) ,  p o ly (m e th y l m e th a c ry la te ) ,  and p o ly  (e th y l  
m e th a c ry la te )  i s  d e s c r ib e d  by B e rn s te in  e t  a l ^ .  In a k i  Mondragon"^ 
r e p o r te d  a  n e g a tiv e  i n t e r a c t i o n  p a ram e te r d e te rm in ed  from m e ltin g
p o in t  m easurem ents f o r  th e  p o ly c a rb o n a te -p o ly a c ry la te  b le n d  sy stem .

31N is h i  and Kwei s tu d ie d  th e  LCST b eh av io u r o f m onodisperse  p o ly ­
s ty re n e  and p o ly (v in y l  m ethy l e th e r )  m ix tu re s .  D e ta ile d  s tu d ie s  o f

32 33t h i s  system  were c a r r i e d  o u t  by D av ies and Kwei and Cowie and S aek i 
who found b o th  LCST and UCST b e h a v io u r when p o ly s ty re n e  had  a p p ro p r ia te  
m o le c u la r  w e ig h ts .

25 26

1 .2  METHODS FOR THE PREPARATION OF HOMOGENEOUS; BLENDS
There a re  th r e e  m ain  m ethods fo r  th e  p re p a ra t io n  o f homogeneous 

b le n d s , m ix ing  in  th e  me I t  (m ech an ica l m ix in g ), m ix ing  in  s o lu t io n  (u sing



22

a common s o lv e n t)  fo llo w e d  by e v a p o ra tio n  o r p r e c i p i t a t io n ,  and i n - s i t u  
p o ly m e r is a tio n .

1 .2 1  M elt M ixing
M elt m ix ing  h as th e  adv an tage  t h a t  no s o lv e n ts  a re  n eed ed  and 

i s  a v e ry  common p ro c e s s  f o r  compounding and m ixing polym ers in  in d u s tr y .  
The low  d i f f u s io n  r a t e s  o f h ig h  polym ers means t h a t  v e ry  long  p e rio d s  would 
be re q u ir e d  to  p roduce com plete  hom ogeneity . The low  the rm al s t a b i l i t y  
o f many polym ers means t h a t  such  p ro lo n g e d  m ix ing  may n o t  be p o s s ib le .  
A lso , many polym er b len d s  e x h i b i t  phase s e p a r a t io n  on h e a t in g  w hich may 
mean t h a t  th e y  a re  n o t  m is c ib le  a t  th e  tem p e ra tu re  o f m ix in g . P roblem s 
may a ls o  a r i s e  due to  l a r g e  d i f f e r e n c e s  in  m e lt  v i s c o s i ty  o f th e  two 
po ly m ers.

In  p r a c t i c e ,  how ever, com plete hom ogeneity  may n o t  be n e c e s sa ry
o r even d e s ir a b le  and many com m ercial b len d s  a re  p re p a re d  in  t h i s  way.
M echanical m ix ing  i s  u se d , f o r  exam ple, to  b len d  p o ly (p h en y len e  o x id e)
w ith  p o ly s ty re n e ^ ^  (N oryl R) and p o ly  (v in y l  c h lo r id e )  w ith  b u ta d ie n e /
a c r y l o n i t r i l e  copolymer"5 (NBR). Many p o ly m eric  p l a s t i c i s e r s ,  im pact
m o d if ie r s ,  and p ro c e s s in g  a id s  f o r  FVC a re  in c o rp o ra te d  in to  FVC by 

20m echan ica l m ix ing  . Many o f  th e s e  m a te r ia l s ,  in c lu d in g  b u ta d ie n e -
>70a c r y l o n i t r i l e  copolym ers'5 , e th y le n e - v in y la c e ta te  copolym ers'5' ’ J ,

39 19c h lo r in a te d  p o ly e th y le n e  and v a r io u s  p o ly a c ry la te s  and copolym ers
a re  known to  be m is c ib le  o r p a r t i a l l y  m is c ib le  w ith  PVC. In  th e  case
o f p o ly m eric  p l a s t i c i s e r s ,  hom ogeneity  may be d e s ir a b le  b u t  o p t imum
im pact m o d if ic a t io n  i s  o f t e n  ac h ie v e d  by a h e te ro g en eo u s s t r u c t u r e .

1 .2 2  In  S i tu - p o ly m e r is a t io n
I n - s i t u  p o ly m e r is a tio n  i s  th e  p o ly m e risa tio n  of one monomer 

in  th e  p re sen ce  o f  a n o th e r  po ly m er. I t  has been u sed  e x te n s iv e ly  in
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th e  p r e p a ra t io n  o f  two p h ase  b le n d s , f o r  exam ple, h ig h  im pact p o ly -
4o 39 41 42s ty re n e  and r e c e n t ly  to  p re p a re  homogeneous b len d s  ’ ’

I t  i s  p o s s ib le  to  p re p a re  b le n d s  where th e  base  polym ers ten d  to  be
th e rm a lly  u n s ta b le  and have a h ig h  T g , o r phase s e p a ra te  on h e a t in g
which p re c lu d e s  the u se  o f  m e c h a n ic a l m ix in g . In  t h i s  p ro ce ss
monomers a c t  a s  s o lv e n ts  f o r  th e  polym er d u rin g  p o ly m e r is a tio n  and
can i n t e r f e r e  w ith  m i s c i b i l i t y .  I n  s i t u  p o ly m e r is a tio n , th e r e f o r e
does n o t  g u a ra n te e  homogeneous b le n d s  as two phase re g io n s  can e x i s t
w ith in  th e  polym er/polym er/m onom er th r e e  component phase d iagram .
T h is two phase re g io n  can be a v o id e d  by s te p  p o ly m e r is a tio n .
1 .2 3  M ixing in  a common s o lv e n t  fo llo w ed  by e v a p o ra tio n  o r

p r e c i p i t a t i o n .
T h is i s  th e  commonest l a b o r a to r y  m ethod u sed  in  th e  p re p a ra t io n  

o f homogeneous b le n d s . The m ethod has a  number o f a d v an tag es , f o r  ex­
am ple, low  en erg y  c o s ts ,  no polym er d e g ra d a tio n  and no c r o s s - l in k in g  or 
decom position  o f  polym er com ponents due to  h e a t .  However, s o lv e n ts  
a re  som etim es d i f f i c u l t  to  remove and can i n t e r a c t  w ith  the  polym er
cau sin g  two phase  s t r u c tu r e s  to  be form ed when b len d s o f m is c ib le

42 43polym ers a re  p re p a re d  in  t h i s  way ’ . I t  i s ,  th e r e f o r e ,  n o t
s u r p r i s in g  to  see  c o n f l i c t i n g  e v id en ce  o f m i s c i b i l i t y  when b len d s  a re  
p re p a re d  u s in g  d i f f e r e n t  s o lv e n t s .  A two phase re g io n  can e x i s t  w ith in  th e  
p o ly m e r/p o ly m e r/so lv e n t th r e e  component phase d iagram  as shown in  F igure 
1.3* When a  d i l u t e  s o lu t io n  a t  co m po sitio n  A i s  e v a p o ra te d , phase 
s e p a r a t io n  ta k e s  p la c e  a t  B. When t h i s  system  le a v e s  th e  two phase 
re g io n , a t  o v e r a l l  co m p o sitio n  C, th e  p hases have grown too  la r g e  and 
th e  r a t e  o f d i f f u s io n  in  th e  m ix tu re  i s  too  low  f o r  th e  polym ers to  
rem ix and th e r e f o r e  th e  r e s u l t a n t  polym er b len d , o f o v e ra l l  com position  
D, i s  two p h ase .
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S o lv e n t

F ig u re  1 .3  A h y p o th e t ic a l  phase  diagram  f o r  two polym ers w ith  a  common 
s o lv e n t  show ing a two phase re g io n .

Computer s im u la t io n s  o f  th e  b in o d a l in  the  phase d iagram  o f 
p o ly m e r/p o ly m e r/so lv e n t m ix tu re s  have been c a r r i e d  o u t and show th e  
e f f e c t  o f th e  v a r io u s  i n t e r a c t i o n  p a ram e te rs  on the  shape o f th e  phase 
d iagram 4 4 .

I n  th e  case  o f p o ly s ty re n e  b len d s  w ith  p o ly (v in y l m ethy l e th e r)
two phase b eh av io u r was fou nd  f o r  b len d s  from v a r io u s  c h lo r in a te d  s o lv e n ts ,

32, 43
w hereas s in g le  phase b e h a v io u r was found from to lu e n e . The phase s e p a r a t io n  
o f th e se  b le n d s  in  v a r io u s  s o lv e n ts  has been s tu d ie d  and th e  i n t e r a c t io n  
p a ram e te r o f th e  two polym ers m easured  by in v e rs e  gas chrom atography. I t  
was found t h a t  th o se  s o lv e n ts  w hich ind uced  phase s e p a ra t io n  were those
f o r  which a la r g e  d i f f e r e n c e  e x i s t e d  betw een th e  two s e p a ra te  polym er-
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, ^ qqts o lv e n t  i n t e r a c t i o n  p a ra m e te r s .  T h is has been c a l le d  th e  n a. e f f e c t
(where AX = X ~ X j.3 and com ponent one i s  s o lv e n t ) .  S im ila r  s o lv e n t
e f f e c t s  have been n o t ic e d  i n  a  phenoxy r e s in  and c o p o ly e s te r  s o lu t io n

45in  te t r a c h lo r o e th a n e  and in  m ix tu re s  o f PVC w ith  v a r io u s  a c r y la te s
lQin  te t r a h y d ro fu ro n  .

C o p re c ip i ta t io n  o f  p o ly m ers from a common s o lv e n t  in to  a  non­
s o lv e n t  i s  an a l t e r n a t i v e  way o f  m aking b le n d s . T h is m ethod i s  u s e fu l  
when a  common s o lv e n t  h as  a  v e ry  h ig h  b o i l in g  p o in t .  I t  however p ro ­
duces f i n e l y  d iv id e d  o r  c o a rs e  p a r t i c u l a t e  sam ples which m ust be p re s se d  
b e fo re  t e s t i n g  by many te c h n iq u e s .  The h o t  p re s s in g  cou ld  r e s u l t  in  
phase s e p a r a t io n .

1.24 Other Methods of Mixing
B lends can a ls o  be p re p a re d  by f re e z e  d ry in g  where polym ers 

a re  d is s o lv e d  in  a common s o lv e n t ,  and  the  m ix tu re  q u ic k ly  f ro z e n . On 
f r e e z in g ,  th e  b le n d  w i l l  be th row n  o u t .  V ery good m ixing  i s  o b ta in e d  
u s in g  t h i s  m ethod, b u t  i t  h a s  c e r t a i n  draw backs. I t  i s  somewhat complex, 
g iv e s  in c o n v e n ie n t p ro d u c ts ,  and i t s  u se  i s  r e s t r i c t e d  to  o n ly  a few  
s o lv e n ts .

A no ther m ethod o f  b le n d in g  two polym ers i s  by em ulsion m ix in g . 
I n  t h i s  p ro c e s s  two s e p a r a te  po lym er em ulsions a re  m ixed to g e th e r  and 
c o a g u la te d . T h is i s  an e a sy , in e x p e n s iv e  and co n v en ien t m ethod b u t  
em u lsions o f many polym ers o f i n t e r e s t  a re  n o t  a v a i la b le .

1 .3  WAYS OF CONFIRMING MISCIBILITY AND STUDYING PHASE SEPARATION
PHENOMENA
The o p t i c a l ,  m e c h a n ic a l , e l e c t r i c a l ,  nuorphological and thermo­

dynamic p r o p e r t i e s  o f  v a r io u s  po lym er m ix tu re s  a re  o f te n  u sed  as evidence
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fo r  e s t a b l i s h in g  m i s c i b i l i t y .  The above c r i t e r i a s  have been e x te n s i -
45 47v e ly  rev iew ed  by M acKnight e t  a l  and O la b is i  .

1 .31  O p tic a l  C la r i t y
F ilm s o r  m olded o b j e c t s  made from two m is c ib le  polym ers a re

o p t i c a l ly  c le a r  and have good m ech an ica l i n t e g r i t y .  These a re  th e
f i r s t  s ig n s  t h a t  two p o lym ers a re  m is c ib le .  These c r i t e r i o n  can,
how ever, be d e c e p tiv e  i f  th e  r e f r a c t i v e  in d ic e s  o f th e  b len d  components
happen to  be c lo se  to  each  o th e r ,  i f  the  b le n d  has phase s e p a ra te d  in to
two s e p a ra te  l a y e r s ,o r  i f  a two p hase  s t r u c tu r e  e x i s t s  w ith  domains much

48 49 43sm a lle r  th an  th e  wave le n g th  o f  l i g h t  ’ . Bank e t  a l  have re p o r te d
th e  e f f e c t  o f domain s iz e  on f i lm  c l a r i t y  f o r  th e  LCST o f p o ly s ty re n e
p o ly (v in y l m ethy l e t h e r ) .  As th e  two polym ers phase s e p a ra te d  and the
domain s iz e  o f  th e  d is p e r s e d  p h ase  e n la rg e d  th e  f i lm  changed from

50showing com plete c l a r i t y  to  a  b lu i s h  a p p e a ra n c e .. Bohn has in d ic a te d
t h a t  f o r  tra n s p a re n c y  th e  c r i t i c a l  d if f e r e n c e  betw een r e f r a c t i v e  in d ic e s
can be no g r e a t e r  th a n  O .O l. In c o m p a tib le  b len d s  o f p o ly s ty re n e  and
b isp h en o l A p o ly c a rb o n a te  w ith  r e f r a c t i v e  in d ic e s  1 .585  and 1 .5 9 0 , y ie ld

51f ilm s  t h a t  a re  c le a r  . A p o w e rfu l T ran sm issio n  E le c tro n  M icroscope 
was employed in  t h i s  s tu d y  to  g iv e  good r e s o lu t io n  o f th e  domains 
p r e s e n t .
1 .3 2  G la ss  T r a n s i t io n  T em p eratu re  M ethods

One o f th e  m ost s e n s i t i v e  methods o f d e te rm in in g  polym er-polym er 
c o m p a t ib i l i ty  i s  th e  d e t e c t io n  o f  a s in g le  Tg, u s u a l ly  in te rm e d ia te  
betw een two p o ly m ers . I f  p o ly m ers  a re  in c o m p a tib le , two s e p a ra te  Tg*s 
r e le v a n t  to  th e  in d iv id u a l  p o ly m ers a re  o b ta in e d . In  cases  o f  b o rd e r­
l in e  m i s c i b i l i t y ,  s l i g h t  d is p la c e m e n t o f th e  Tg*s o f  the components

46tow ards each  o th e r  may be e x p e c te d . M acKnight,Karasz and F r ie d  have 
d is c u s s e d  th e  above p o s s i b i l i t i e s .  A nother case o f p a r t i a l  m i s c i b i l i t y ,
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r e p re s e n te d  by a  b ro ad en in g  o f  th e  t r a n s i t i o n s  has a ls o  been o bserved  .
In  cases  -where s t ro n g  s p e c i f i c  i n t e r a c t i o n s  o ccu r, the  Tg o f th e  b len d

53i s  h ig h e r  th a n  th e  e x p e c te d  a v e rag e  . I n  t h i s  case th e  b len d  re q u ire s
a h ig h e r  a c t i v a t i o n  en erg y  th a n  i t s  a d d i t i v i t y  v a lu e  in  the  form o f h ea t
to  a llo w  ch a in  movem ents. A re v ie w  o f t h i s  s u b je c t  and o f the  r e l a t io n s

54betw een Tg and chem ical s t r u c t u r e  o f b len d s  has been g iv en  by Cowie
For m is c ib le  b le n d s ,  many a tte m p ts  have been made to  c o r r e la te

th e  Tg w ith  th e  b le n d  co m p o sitio n  as  i s  f r e q u e n t ly  done w ith  random co-
37p o ly m ers. S ev e ra l m is c ib le  b le n d s  s tu d ie d  by Hammer , Hichman and

55 56Ik e d a  and Z abrzew ski e x h i b i t  a  co m p o sitio n  dependence o f Tg which
57can be p r e d ic te d  by th e  s im p le  Fox r e l a t i o n s h i p .

1 = Vl + W2 1.10
T%  %

where Wi i s  th e  w e ig h t f r a c t i o n  o f  polym er i  w ith  Tg^. O ther m is c ib le
58b len d s  have been r e p o r te d  to  fo l lo w  The K elley -B u ech e^  e x p re s s io n , th e  

G ordon-T aylor*^ e q u a tio n  and  th e  D im arzio  G ib b s ^  and Couchm an^ 
e x p re s s io n s .

I n  o rd e r  to  g e t  m e an in g fu l r e s u l t s  from t h i s  m ethod th e  
component Tg*s m ust be a t  l e a s t  20°C a p a r t .  I f  one component i s  
p r e s e n t  in  sm all q u a n t i ty ,  i t s  Tg may n o t  be d e te c ta b le .  I n  ca ses  
where one o f th e  b le n d  com ponent i s  c r y s t a l l i n e ,  the  d e te c t io n  o f Tg 
by c a lo r im e t r ic  means w i l l  be d i f f i c u l t ,  u n le s s  the  b o u n d rie s  betw een 
th e  amorphous and c r y s t a l l i n e  re g io n s  a re  sh a rp  and d i s t i n c t .  Tg 
r e s u l t s  a ls o  v a ry  w ith  th e  m ethod o f  m easurem ent.

There a re  s e v e r a l  m ethods a v a i la b le  f o r  m easuring  g la s s  ; 
t r a n s i t i o n  te m p e ra tu re s  a s  g iv e n  below i
(a )  Dynamic m ech an ica l a n a ly s i s  (DMA) in v o lv e s  th e  d e te rm in a tio n

52
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of th e  dynamic p r o p e r t i e s  o f  the  polym ers and t h e i r  m ix tu re s ,  
u s u a l ly  by a p p ly in g  a  m ech an ica l s in u s o id a l  s t r e s s .  For 
l i n e a r  v i s c o e l a s t i c  b e h a v io u r  the  s t r a i n  w i l l  a l t e r n a te  s in u ­
s o id a l ly  b u t w i l l  be o u t o f  phase w ith  th e  s t r e s s .  The phase 
la g  r e s u l t s  from  th e  tim e n e c e s s a ry  f o r  m o lec u la r re a rra n g e m e n ts  
and t h i s  i s  a s s o c ia t e d  w ith  r e l a x a t io n  phenomena. The energ y  
lo s s  p e r  c y c le , o r damping i n  th e  system , can be m easured from 
th e  lo s s  ta n g e n t  ( t a n  5 )

. t a n  5 = — 1 .11
E -r

where E'* i s  th e  s to r a g e  m odulus and E" i s  lo s s  m odulus.
A peak  in  th e  v a lu e  o f  ta n  5 o ccu rs a round  Tg. Because o f
th e  l im i t e d  number o f  f r e q u e n c ie s  a v a i la b le  on th e  u su a l
in s tru m e n ts ,  i t  i s  common to  keep th e  fren q uen cy  c o n s ta n t
w h ile  lo w erin g  o r r a i s i n g  th e  tem p e ra tu re  to  m atch the
m o le c u la r  m o tion  o f  th e  b le n d . T h is m ethod has been u se d  in
s tu d y in g  b le n d s  o f  p o ly ( v in y l  c h lo r id e )  w ith  p o ly a c ry la te s  o r
p o l y m e t h a c r y l a t e ' ^  and  p o ly (v in y le d e n e  f lu o r id e )  w ith

62p o ly (m e th y l m e th a c ry la te  ) .
IMA can be u se d  to  e s t im a te  th e  p o s i t io n  o f  th e  phase boundary .
T h is i s  done by h e a t in g  th e  b len d s  to  a  g iv en  tem p e ra tu re , 
q u ic k ly  c o o lin g  th e  sam ple and th en  d e te rm in in g  Tg. By 
r e p e a t in g  t h i s  p ro c e d u re  f o r  s e v e ra l  tem p e ra tu re s  u n t i l  two 
peaks* a p p e a r, an ap p ro x im a te  phase s e p a r a t io n  tem p era tu re  
can be o b ta in e d . T h is  m ethod  i s  e s p e c ia l ly  u s e fu l  f o r  b len d s  
w ith  sm all d i f f e r e n c e s  in  th e  r e f r a c t i v e  in d ic e s  o f th e  two 
components o r f o r  b le n d s  w hich degrade on p ro lo n g ed  h e a t in g .
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(b) D i f f e r e n t i a l  S can n in g  C o lo rim e try  (DSC) and D i f f e r e n t i a l  
Thermal A n a ly se r (PTA)
DSC m easures th e  amount o f h e a t  r e q u ir e d  to  in c re a s e  the  sample 
tem p e ra tu re  o ver th a t ,  r e q u i r e d  to  h e a t  up a r e fe re n c e  m a te r ia l ,  
n o rm a lly  an empty p a n , to  th e  same te m p e ra tu re . The v a r ia t io n  
in  power n e c e s s a ry  to  m a in ta in  t h i s  l e v e l  d u rin g  a  t r a n s i t i o n  
i s  m o n ito re d . DTA m e a su re s  th e  d if f e r e n c e  in  tem p e ra tu re  
betw een th e  sam ple and  r e f e r e n c e  m a te r ia l  when b o th  a re  h e a te d  
a t  th e  same r a t e .  A d e t a i l e d  d e s c r ip t io n  o f th e se  m ethods i s  
g iv en  by Manche e t  a l ^  and  Ke^*.
Both th e s e  m ethods a r e  r a p id  and need  o n ly  5 -  30 mg sam ples 
and have s o p h i s t i c a t e d  c o n t r o l l e d  r a t e s  o f h e a t in g  and c o o lin g . 
R ap id  tem p e ra tu re  sc a n n in g  p e rm its  th e  s tu d y  o f h e a t  s e n s i t i v e  
polym ers such  as p o ly ( v in y l  c h lo r id e )  w ith o u t th e  a d d i t io n  o f  
s t a b i l i s e r s .  C o - p r e c ip i t a te d  b len d s  in  powder form can be 
s tu d ie d .  I t  i s  p o s s ib le  to  d e te rm in e  the  com position  o f the  
b le n d  from  th e  m easu red  Tg and the  change in  s p e c i f i c  h e a t  o f  the 
g la s s  t r a n s i t i o n ^ .
The u se  o f  DSC i n  th e  s tu d y  o f  polym er therm odynam ics has been

66d e s c r ib e d  by F lynn DSC.has been u sed  to  s tu d y  th e  m i s c i b i l i t y
o f  PPO -  p o ly s ty re n e  , n i t r i l e  ru b b e r -  PVTr , p o ly s ty re n e  -  
p o ly (v in y l  m ethy l e t h e r ) P V F g  “ P ° ly (me^ y l  m e t h a c r y la t e ) ^ ,  
PVC -  ( e th y le n e /v in y l  a c e ta te /su lp h u r  d io x id e ) terpolymer'*''*, PPO -  
p o ly (s ty re n e -c o '-  ch i o r  o s t y r e n e ^  p h e n o x y -p o ly (N -v in y l-2 -p y r ro li-  
done) and p o ly (v in y l  b u ty r a l )  -  p o ly ( ,N -v in y l-2 -p y rro lid o n e ) ' . 
DSC and DTA can in  p r i n c i p l e  a ls o  be u sed  to  s tu d y  the  phase 
boundary  o f a b le n d  by th e  same h e a t in g  and quenching p rocedure
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as d e s c r ib e d  e a r l i e r  f o r  dynamic m echan ical m easurem ents. The 
phase boundary  o f p o ly (m e th y l m e th a c r y la te ) - c h lo r in a te d  p o ly ­
e th y le n e  ( 52% w/w c l )  h as  been  o b ta in e d  in  t h i s  -way by u s in g  
DTA7 1 .

(c ) D ie l e c t r i c  R e la x a t io n  M easurem ents a re  s im i la r  to  dynamic
m echan ica l m easu rem en ts, e x c e p t t h a t  th e y  e x p lo i t  the  d ip o le
e l e c t r i c a l . p r o p e r t i e s  o f th e  b le n d . They a re  th e r e f o r e ,  n o t
a p p l ic a b le  to  b le n d s  o f polym ers w ith o u t d ip o le  moments. The
adv an tage  o f d i e l e c t r i c  o ver dynamic r e la x a t io n  m easurem ents,
i s  th e  ran ge  o f f r e q u e n c ie s  a v a i l a b l e .  T h is p e rm its  the
dynamic d i e l e c t r i c  c o n s ta n ts  o r ta n  5 to  be d ete rm in ed  e i t h e r
as a fu n c t io n  o f te m p e ra tu re  ( te m p e ra tu re -p la n e  m easurem ents)
o ver a  range o f  f r e q u e n c ie s  o r  as a fu n c t io n  o f freq u en cy
(f re q u e n c y -p la n e  m easu rem ents) a t  s e le c te d  te m p e ra tu re s . The
u se  o f d i e l e c t r i c  r e l a x a t io n  in  s tu d y in g  b len d s h as  been  d e s -

72c r ib e d  by W etton e t  a l  .
The d i e l e c t r i c  c o n s ta n t  in c r e a s e s  as m o lec u la r m otion  in  a 
polym er in c r e a s e s ;  th u s  l a r g e  secon d ary  r e la x a t io n s  and th e  
g la s s  t r a n s i t i o n  w i l l  y i e l d  in c re a s in g  v a lu e s .
The u se  o f t h e r m o d ie le c t r i c  lo s s  m easurem ents in  which d ie -  
e l e c t r i c  l o s s  i s  m easu red  u n d e r a d e f in i t e  tem p e ra tu re  p ro ­
gramme, h as r e c e n t l y  been u sed  to  s tu d y  polym er-polym er 

73m i s c i b i l i t y  . 1
(d ) D ila to m e try  m easures th e  s p e c i f i c  volume as a fu n c t io n  o f 

te m p e ra tu re . In  th e  g la s s  t r a n s i t i o n  re g io n  a d i s c o n t in u i ty  
i s  o b se rv ed . D ila to m e try  r e q u i r e s  la rg e ; sam ples, long; 
m easurem ent tim es and  g r e a t  c a re  in  sample p re p a ra t io n  and
m easurem ent.
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1 .3 3  O p t ic a l  and E le c t r o n  M icroscopy
B oth  o p t i c a l  and e l e c t r o n  m icroscopy  a re  -widely u sed  in

s tu d ie s  o f polym er b le n d s . B oth  t r a n s m i t t e d - l i g h t  and phase c o n t r a s t
m icroscopy  r e q u i r e  a d i f f e r e n c e  i n  r e f r a c t i v e  index  between th e  p h ases
f o r  c o n t r a s t .  W ith t r a n s m is s io n ,  c o n t r a s t  i s  b e s t  o b ta in e d  w ith  opaque
o r co lo u red  sam p les . However, w ith  p h a s e -c o n tr a s t  o p t ic s ,  good c o n tr a s t
i s  o f te n  o b ta in e d  w ith  t r a n s p a r e n t  m a te r ia l  and t h i s  i s  th e r e f o r e  o f te n
th e  p r e f e r r e d  m ethod f o r  p o ly m er polym er b le n d s . In  phase c o n t r a s t
m icroscopy , th e  beam from th e  in t e r f e r e n c e  d i f f r a c t i o n  maxima o f l i g h t
p a s s in g  th ro u g h  a  specim en i s  s p l i t  in to  two p a r t s  by a  beam s p l i t t i n g
p rism . Each p a r t  c o n ta in s  th e  f u l l  o b je c t  in fo rm a tio n . These beams
recom bine in  an in t e r f e r r o m e te r  and  by s h e a r in g  one beam v e r t i c a l l y
a g a in s t  th e  o th e r  th e  two waves h i t  each o th e r  sh e a red , and in te r f e r e n c e
w il l  occu r depend ing  on th e  p h ase  d if f e r e n c e s  o f th e  com ponents. T h is
m ethod p ro du ces co lo u red ' p i c t u r e s  o f th e  specim en, w ith  homogeneous
b len d s  h av in g  one c o lo u r o v e r th e  o b se rv ed  f i e l d ,  and two phase samples
showing two d i f f e r e n t  c o lo u r s .  T h is  tech n iq u e  av o id s  th e  e f f e c t s  o f
a r t e f a c t s  due to  s t a in in g  w hich i s  a  problem  in  e le c t r o n  m ic ro scop y .
However, i t  h as  a  l im i t e d  r e s o l u t i o n  depending on th e  polym er m ix tu re
and th e  m ic roscop e  u se d . T h is  m ethod has been s u c c e s s f u l ly  u se d  to

74s tu d y  m i s c i b i l i t y  and phase  t r a n s i t i o n  o f s e v e ra l  b len d s  .
The r e s o lv in g  power o f  a  l i g h t  m icroscope i s  l im i te d  by th e  

n a tu re  o f th e  l i g h t .  The minimum sp ac in g  which can be re s o lv e d  by a 
good m icro scop e  i s  o f th e  o rd e r  o f  th e  w avelength  o f  th e  r a d ia t io n  
so u rc e . For b e t t e r  r e s o l u t i o n ,  a l a r g e r  an g le  o f  a ccep tan ce  o f th e  
le n s  and a  s h o r te r  w av e len g th  r a d i a t i o n  a re  r e q u ir e d .

A tra n s m is s io n  m ic ro sco p e  f i t t e d  -with a  h o t  s ta g e  can be u sed  
to  s tu d y  th e  phase b eh a v io u r on h e a t in g  o r co o lin g  a  t h in  f i lm  sample
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o f  a  b le n d .
T ran sm iss io n  E le c t r o n  m ic ro scop y  (TIM) w ith  a r e s o lu t io n  

o f  10 -  20 A0 h as  been v e ry  u s e f u l  f o r  s tu d y in g  polym er-polym er m isc i­
b i l i t y  and phase s e p a r a t io n .  The e le c t r o n  w avelength  i s  a s s o c ia te d  
w ith  th e  e le c t r o n  beam th ro u g h  th e  a p p l ic a t io n  o f de B ro g l ie ’ s 
p r in c ip l e  o f w a v e -p a r t ic le  d u a l i t y  o f e le c t r o n s .  E l e c t r o s t a t i c  o r 
e le c tro m a g n e tic  le n s e s  r e p la c e  th e  g la s s  le n s e s  o f an o p t ic a l  m icro ­
sco p e . The p rim ary  so u rce  o f image c o n t r a s t  i s  p roduced  by e le c t r o n  
d e n s i ty  v a r ia t io n s  i n  th e  sp ec im en . The image can o f te n  be enhanced 
by te c h n iq u e s  o f shadowing o r  s t a i n i n g .  The specim en th ic k n e s s  i s  
l im i t e d  to  1 Jim o r l e s s .  A re a s o n a b le  c o n t r a s t  i s  p roduced  w ith  
polym ers c o n ta in in g  h e a v ie r  atom s, such  as c h lo r in e  o r su lp h u r , w ith ­
o u t  s t a in i n g .  M is c ib le  b le n d s  can be phase s e p a ra te d  and quenched 
and th e n  o b se rv ed  u n d e r an  e l e c t r o n  m icroscop e  to  see th e  m ic ro s t ru c tu re .  
T h is tec h n iq u e  has been u s e d  f o r  b le n d s  o f FVC w ith  p o ly ( b u ty la c r y la te ) ^  
and f o r  e th y le n e  v in y l  a c e t a te  copolym ers w ith  c h lo r in a te d  p o ly e th y le n e .

S canning e le c t r o n  m ic ro sco p y  (SEM) has a ls o  been u se d  to  study 
phase m orphology . A f in e  beam o f  e le c t r o n s  i s  scanned a c ro s s  th e  
s u r fa c e  o f an specim en to  w hich a  co n d u c tin g  f i lm  has been a p p l ie d  by 
e v a p o ra t io n . S econdary  o r back  s c a t t e r e d  e le c t r o n s ,  o r ( i n  th e  e le c tro n  
m ic ro p rob e) x - r a y  pho ton s a re  e m itte d  when th e  beam h i t s  the  specim en 
th e y  a re  c o l l e c te d  to  p ro v id e  a  s ig n a l  u sed  to  m odulate the  e le c tro n  
beam in  a  t e l e v i s i o n  tu b e , sc a n n in g  in  synchronism  w ith  the  m icroscope 
beam. Because th e  l a t t e r ,  m a in ta in s  i t s  sm all s iz e  over th e  la rg e  
d is ta n c e  r e l a t i v e  to  th e  specim en , th e  r e s u l t i n g  images have g r e a t  
d ep th  o f f i e l d  and a  rem ark ab le  th r e e  d im en sion a l ap p earance .
C o n tra s t  depends on d i f f e r e n c e s  i n  s u r fa c e  topography  o r t e x tu r e .
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1 .3 4  The O b se rv a tio n  o f  Cloud P o in t  T em peratures
A c le a r  homogeneous b le n d  o f two polym ers may phase s e p a ra te  

and become cloudy  on h e a t in g .  The tem p e ra tu re  a t  which the  b len d  
changes from a t r a n s p a r e n t  to  a  t u r b i d  s t a t e  i s  c a l le d  th e  c lo u d  
p o in t .  For many system s t h i s  p ro c e s s  r e v e r s e s  i t s e l f  on c o o lin g .
Such b eh av io u r g iv e s  a good i n d i c a t io n  t h a t  th e  o r ig in a l  c le a r  b le n d  
c o n s is te d  o f a s in g le  p h a se . The o b s e rv a t io n  o f th e  cloud  p o in t  
th u s  confirm s m i s c i b i l i t y .  An e x p e rim e n ta l phase diagram  can be 
c o n s tru c te d  by o b se rv in g  th e  phase  s e p a r a t io n  tem p e ra tu re s  f o r  a 
range  o f co m p o sitio n s . The c lo u d  p o in t  may be d i f f i c u l t  to  observe  
i f  th e  m o b i l i ty  o f th e  two p o ly m ers i s  n o t  s u f f i c i e n t l y  h ig h .

1 .3 5  O ther M ethods
O ther m ethods, such  as sm a ll ang le  x - ra y  s c a t t e r i n g  (SAXS), 

sm all an g le  n e u tro n  s c a t t e r i n g  (SANS) and p u lse  ind u ced  c r i t i c a l  
s c a t t e r i n g  (PICS) a re  n o t  much u s e d  f o r  polym er b len d s  m ain ly  
because  o f th e  in s t ru m e n ta l  l i m i t a t i o n s .  SAXS i s  s e n s i t iv e  to  
d if f e r e n c e s  i n  e le c t r o n  d e n s i ty  and  hence u s u a l ly  r e q u ir e s  a heavy 
atom in  th e  b le n d  to  g iv e  a  l a r g e r  s c a t t e r i n g  c ro ss  s e c t io n  fo r

7 ax - ra y s  a f t e r  phase  s e p a r a t io n .  S te in  e t  a l '  have u sed  t h i s  
m ethod f o r  b le n d s  o f p o ly (  £ -  c a p ro la c to n e )  w ith  FVC. SANS 
m easures th e  d if f e r e n c e  in  th e  n e u tro n  s c a t t e r i n g  c r o s s - s e c t io n ,  
f o r  exam ple, o f a  d e u te r a te d  c h a in  d is p e rs e d  i n  a m a tr ix  o f p ro to n -  
a te d  b len d s  o r  v ic e  v e r s a .  SANS has been u sed  f o r  d e u te ra te d  p o ly  
(2 , 6 -d im eth y l 1, 4 d ip h en y len e  o x id e ) -p o ly s ty re n e  b le n d s '* .

The u se  o f p u lse  in d u c e d  c r i t i c a l  s c a t t e r i n g  (PICS) i s  v e ry  
l im i te d  by th e  slow  d i f f u s io n  r a t e  o f h ig h  m o lec u la r w eig h t p o lym ers.
I t  i s  m a in ly  u se d  f o r  p o ly m e r-s o lv e n t m ix tu re s  and o n ly  r e c e n t ly  been 
a p p l ie d  to  low  m o le c u la r  w e ig h t polym er-polym er m ix tu re s  showing UCST^’ ^
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1 .4  WAYS OF STUDYING THE THERMODYNAMICS OF MIXTURES
The p re v io u s  s e c t io n  d e s c r ib e s  em p 'rrica l ways o f con firm in g  

m i s c i b i l i t y .  T h is s e c t io n  g iv e s  th e  methods o f s tu d y in g  th e  therm o­
dynamic i n t e r a c t i o n  in  p o lym er-p o ly m er m ix tu re s . The fa v o u ra b le  
i n t e r a c t i o n  p a ram e te r {x) i n f e r s  m i s c i b i l i t y  and th e re fo re  t h i s  i s  
a ls o  r e l a t e d  to  th e  p re v io u s  s e c t i o n .  There a re  many d i f f e r e n t  
ways o f m easu rin g  th e  i n t e r a c t i o n  p a ram e te rs  betw een two polym ers.
These in c lu d e  h e a t  o f m ix in g  m easurem ents, in v e rs e  gas chrom atography, 
s o lv e n t  v ap our s o r p t io n ,  v a r io u s  s c a t t e r i n g  te c h n iq u e s  and v i s c o s i ty  
m easurem ents. For c r y s t a l l i n e  m a te r ia l s  m easurem ent o f m e ltin g  p o in t  
d e p re s s io n  by te c h n iq u e s  such  as DSC o r t u r b i  dime t r y  can a ls o  be u se d .

1 .41  H ea t o f M ixing M easurem ents
The d i r e c t  m easurem ent o f  th e  h e a ts  o f m ix ing  o f two h ig h

m o le c u la r  w e ig h t polym ers i s  n o t  p o s s ib le  because o f  th e  low d i f f u s io n
r a t e s ,  and th e rm al s t a b i l i t y  o f  some polym ers. S ev e ra l a u th o rs  have
t r i e d  to  m easure th e  h e a ts  o f  m ix in g  in  th e  p re sen ce  o f a s o lv e n t ,

79u s in g  H ess*s law  to  e x t r a c t  th e  h e a t  o f m ix ing  o f th e  polym ers .
T his h as  n o t  been s u c c e s s f u l ,  p o s s ib ly  due to  accu m u la tion  o f  e r r o r s
in  th e  s e r i e s  o f ex p e rim en ts  in v o lv e d . O th er w orkers have u sed  th e
h e a t  o f m ix ing  m easurem ents o f  low  m o le c u la r  w eig h t analogues o f th e

80 81polym ers to  c a lc u la te  th e  po lym er-polym er i n t e r a c t i o n  p aram ete r ’
T h is m ethod may n o t  alw ays g iv e  r e l i a b l e  r e s u l t s  due to  d if f e r e n c e s  
betw een th e  h ig h  polym ers and th e  an a log u es u se d . These d if f e r e n c e s  
cou ld  a r i s e  from  ch a in  end e f f e c t s ,  s t e r i c  d i f f e r e n c e s  o r d i s s i m i l a r i t y  
in  d e n s i t i e s .  Low m o le c u la r  w e ig h t m a te r ia l s  o f te n  have a low er 
d e n s i ty .  The coh esive  e n e rg y  d e n s i ty  i s  s t ro n g ly  dependent on th e  
d e n s i ty  so t h a t  in  a system  where th e  d is p e r s iv e  fo rc e s  a re  im p o r ta n t
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th e  u se  o f low  m o le c u la r  w e ig h t an a lo g u es may be l e s s  r e l i a b l e .  When 
d is p e r s iv e  fo rc e s  a re  sm all and s p e c i f i c  i n t e r a c t i o n s  s tro n g , th e  low  
m o le c u la r  w e ig h t m a te r ia l s  may be more r e p r e s e n ta t iv e  o f th e  polym ers 
th e m se lv es . H ea ts  o f m ix in g  o f  analogue m a te r ia l s  a re  m easured in  a 
s p e c i a l l y  d es ig n e d  m icro  c a l o r i m e t e r ^ .
1 .4 2  In v e r s e  Gas C hrom atography (IGC)

C on ven tio n al gas l i q u i d  chrom atography d ete rm in es th e  r e t e n t io n  
o f an unknown sam ple in  th e  m oving phase w ith  a  known s t a t i o n a r y  p h a se .
The in v e rs e  m ethod, how ever, d e te rm in es  th e  p ro p e r ty  o f th e  s t a t i o n a r y  
phase u s in g  a  known v o l a t i l e  s o lu t e  in  th e  moving p h ase . The v o l a t i l e  
m o lecu le s  a re  r e f e r r e d  to  a s  p ro be  m o le c u le s . The c a lc u la te d  i n t e r ­
a c t io n  p a ram e te r when u s in g  d i f f e r e n t  p ro b e s , ten d s  to  v a ry  more th an  
can be e x p la in e d  by e x p e r im e n ta l  e r r o r .  The e f f e c t s  o f b o th  s u r fa c e  
a d s o rp t io n  and d i f f u s io n  l i m i t a t i o n  in  th e  s t a t io n a r y  phase a re  d i f f i ­
c u l t  to  overcom e. T h is te c h n iq u e  i s  l im i te d  f o r  u se  a t  te m p e ra tu re s  
a t  l e a s t  50°C above th e  Tg*s o f  th e  homogeneous system s to  red u ce  the  
e f f e c t s  o f s u r fa c e  a d s o r p t io n  and d i f f u s io n  l i m i t a t i o n s ^ ’ From
m easurem ents on two p o lym ers and b le n d ,o n e  can c a lc u la te  po lym er- 
polym er i n t e r a c t i o n .  T h is m ethod  m easures th e  t o t a l  f r e e  energ y  o f 
th e  i n t e r a c t i o n  w hich in c lu d e s  c o m b in a to r ia l  and r e s id u a l  i n t e r a c t i o n  
p a ram e te rs  as  w e ll as any r e s i d u a l  e n tro p y  c o n tr ib u t io n s .

1 .4 3  S o lv e n t Vapour S o rp t io n
M easurem ent o f th e  s o r p t io n  o f s o lv e n t  vapour by f i lm s  o f two 

polym ers and th e  polym er b le n d s  can  be u sed  to  o b ta in  in fo rm a tio n  abou t the 
i n t e r a c t i o n s  w ith in  m ix tu re s .  I n  th e o ry  th e  tech n iq u e  i s  s im i l a r  to  
IGC b u t ,  b e in g  a s t a t i c  r a t h e r  th a n  dynamic m ethod i t  i s  e a s ie r  to  
reduce  th e  e f f e c t s  o f  s u r f a c e  a d s o r p t io n  and d i f f u s io n  l im i t a t i o n s
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in h e r e n t  in  IGC. The te c h n iq u e  i s  however, n o t  so f a s t  as IGC.
84Kwei e t  a l  a p p l ie d  polym er s o lu t io n  th e o ry  to  a te r n a r y  

system  c o n s is t in g  o f one s o lv e n t  and two polym ers and c a lc u la te d  the  
polym er-polym er i n t e r a c t i o n  p a ra m e te r .  The a c t i v i t y  o f the  s o lv e n t  
in  th e  t e r n a r y  m ix tu re  i s  g iv e n  by
In  a x = In  0L + ( l - J ^ )  + ( H ^ )  -  * 2 3 ^ 3  1A2

where a i s  th e  a c t i v i t y  o f th e  s o lv e n t  v ap o ur, s u b s c r ip t  1 r e f e r s  to  
s o lv e n t  and s u b s c r ip t s  2 and  3 r e f e r  to  the  two po lym ers. 0 i s  the  
volume f r a c t i o n  and and  a re  the  so lv e n t-p o ly m e r i n t e r a c t i o n
p a ram ete rs  and  X Q i s  th e  po lym er-polym er i n t e r a c t i o n  p aram ete r 
e x p re sse d  p e r  segm ent o f po lym er 2 . The s o lv e n t  polym er i n t e r a c t i o n  
p a ram e te rs  X̂  a n d ^  can be c a lc u la te d  u s in g  th e  b in a ry  s o lu t io n  
e q u a tio n .

In  a^ = In  0̂  + 02 + Xl S 1.13
85 86C ates and W hite 1 r e p o r te d  w a te r  s o rp t io n  in  b len d s  o f p o ly  ( a c r y l ­

o n i t r i l e )  (PAN) and c e l l u l o s e ,  s i l k ,  and c e l lu lo s e  a c e ta te  r e s p e c t iv e ly .  
They showed t h a t  th e  s o r p t io n  o f  w a te r v a r ie d  l i n e a r l y  fo r  P A N /ce llu lo se  
and P A N /ce llu lo se  a c e ta te  b le n d s  im ply ing  hom ogeneity . The s o rp t io n  
f o r  P A N /silk  b le n d s  was c o m p lic a te d , su g g e s tin g  a  two phase s t r u c tu r e .  
The r e s u l t s  o f v ap o u r s o r p t io n  have  been compared w ith  IGC f o r  FVC, 
p o ly s ty re n e , and p o ly  (m ethy l m e th a c ry la te )  w ith  v a r io u s  s o lv e n ts  
and th e  i n t e r a c t i o n  p a ra m e te rs  have been found to  ag ree  w ith in  
ex p e rim e n ta l e r r o r ^ .

There a re  a  number o f d i f f i c u l t i e s  in  s o rp t io n  m easurem ents 
due to  th e  lo n g  tim e r e q u i r e d  to  e s t a b l i s h  e q u ilib r iu m  co n d itio n .. 
A ccu ra te  tem p e ra tu re  c o n tro l  i s  e s s e n t i a l  and is  d i f f i c u l t  to  ach iev e
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over long periods, especially at higher temperatures. Experimental 
errors are high in the regions of low and high solvent concentrations.
At low concentration, the pressure measurements are inaccurate because 
of the small changes and at high concentration the solvent condensation 
causes problems.

1.44 Melting Point Depression
The depression of the melting point of a crystalline polymer 

in polymer blends can be used to measure the Flory-Huggins interaction 
parameter of the blend. The melting point on heating, or crystallisation 
point on cooling, can be measured using techniques such as differential 
scanning calorimetry or by turbidity measurement.

For very high molecular weight polymers' the interaction para­
meter (segmental) can be obtained using a simplified version of that

2 27derived by Flory as used by Nishi and Wang .
l/T - l/T° = 1.147 m '  m 1 2 ^ 1 '  u

where T£ is the melting point of the pure crystallisable polymer and 
T its value in the blend, A H is the heat of fusion, and 0. the volume 
fraction of the amorphous component. A plot of l/0^ (l/T - l/l^)

against 0  ̂should give a straight line from the slope of which the
interaction parameter can be found. In practice, the plot does not
go through the origin as expected, and this has been attributed to
the effect of morphological changes on the melting point depression.
A generalised form of the above equation for non-infinite molecular
weights including corrections for morphological effects, has been

88given by Kwei et al- .

AH (T° - T ) u x m m *1 Tm 1 1.15
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T his assum es t h a t  th e  m o rp h o lo g ic a l c o n t r ib u t io n  i s  s o le ly  p ro p o r t io n a l  
to  0̂  w ith  a p r o p o r t io n a l i t y  c o n s ta n t  C. The le f t - h a n d  s id e  o f th e  
above e x p re s s io n  i s  p l o t t e d  a g a in s t  0̂  and the  s lo p e , b, i s  r e l a t e d  
to  th e  i n t e r a c t i o n  p a ra m e te r .

T h is  m ethod h as  b een  u se d  to  s tu d y  the  i n t e r a c t i o n  betw een
27p o ly (v in y lid e n e  f lu o r id e )  an d  p o ly m e th a c ry la te  and betw een p o ly  

(e th y le n e  o x id e) and  th e  p o ly h y d ro x y e th e r  o f b isp h en o l A ^ .

1 .5 MISCIBLE POKMER BLENDS
Ih irin g  th e  l a s t  tw e n ty  y e a r s  a h o s t  o f new m is c ib le  polym er

p a i r s  have been r e p o r te d .  A th o ro u g h  l i s t i n g  o f known m is c ib le  b len d s
90 91 92up to  I 98O h as been g iv e n  b y  K rau se^  , O la b is i  e t  a l^  and P au l e t  a l  .

Here th e  l i t e r a t u r e  c o n c e rn in g  some polym er p a i r s  r e l a t e d  to  h ig h  p e r ­
form ance e n g in e e r in g  p l a s t i c s  and to  PEO b le n d s  and phenoxy b len d s  w ith  
polym ers o th e r  th a n  PES a re  b r i e f l y  rev iew ed .

I n  th e  e n g in e e r in g  p l a s t i c s  f i e l d ,  th e  f i r s t  homogeneous 
polym er b le n d  o f com m ercial im p o rtan ce  was p ro b ab ly  t h a t  o f p o ly (2 ,6  
d im e th y l-1 , 4 phenylene o x id e )  (PPO) and p o ly s ty re n e  a v a i la b le  u nd er 
th e  t ra d e  name o f ’N o ry l* . PPO h a s  a  Tg o f  210°C and p o ly s ty re n e  100°C. 
The b le n d s  have a s in g le  Tg and o th e r  p r o p e r t i e s  in te rm e d ia te  betw een 
th e  two. S h u l t z ^ ’ ^  s tu d ie d  P P O /p o ly sty ren e  b len d s and confirm ed
t h e i r  m i s c i b i l i t y .  P P O /po ly(a -m ethy l s ty r e n e ) - p o ly s ty re n e  AB b lo c k

94copolym ers have been r e p o r te d  to  be m is c ib le  . I t  has been found th a t
homopolymers o f p -c h i  o r o s ty r e n e  and  o-chlo ro s ty re n e  b o th ,a r e  n o t  m isc ib le
w ith  PPO b u t  t h e i r  copolym ers in  th e  range o f 23-64 p e rc e n t  p -c h lo ro -

95s ty re n e  a re  m is c ib le  .
96C ru tz  e t  a l  h av e  r e p o r te d  homogeneous b len d s of p o ly ca rb o n a te

w ith  a number o f p o l y e s t e r s .  B lends o f th e  p o ly ca rb o n a te  o f b isp h en o l A
Q7w ith  p o ly (e th y le n e  t e r e p h th a l a t e )  (PET) y e x h ib i te d  s in g le  Tg?s up to
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50fo p o ly c a rb o n a te . P o l y ( l ,  4 cyc lo h ex y len e  d im ethylene t e r e / i s o p h
th a la te ) * ^  b len d s  w ith  p o ly c a rb o n a te  were shown to  be m is c ib le  over
th e  e n t i r e  co m p o sitio n  ra n g e .  P o ly (b u ty le n e  t e r e p h th la te ) ^  has
been found to  show o n ly  l im i t e d  m i s c i b i l i t y  w ith  th e  p o ly c a rb o n a te .
P o ly c a rb o n a te  has been fo u n d  to  be com ple te ly  m isc ib le  w ith  p o ly -
( s - c a p r o l a c t o n e ) '^ ’ °^(PCL) . U sing  h e a t  o f m ix ing  o f low  m o lecu la r

97w eigh t an a lo g u es  Cruz e t  a l  su g g e s te d  t h a t  m i s c i b i l i t y  o f p o ly ­
c a rb o n a te s  w ith  p o ly e s t e r s  i s  due to  s p e c i f i c  i n t e r a c t i o n  r e s u l t i n g

9

from n-TT complex form ation  between the e le c tr o n s  o f the e s te r  car­
bonyl and the arom atic r in g  o f  the carbonate m olecu le .

The p o lyhydroxy  e th e r  o f  b isp h en o l A, (P henoxy), has been 
found to  e x h ib i t  m i s c i b i l i t y  w ith  p o ly ( £ - c a p r o l a c to n e ^ ) , p o ly (b u ty ­
len e  t e r e p h th a la t e 100) , a cyclohexane d im ethano l b ased  p o ly e s te r 100, 
a p o ly e s te r  b ased  p o ly u re th a n e 1 01 , p o ly e th y le n e  a d ip a te ,  p o ly b u ty le n e
a d ip a te 100, p o ly ( N - v in y l - 2 - p y r r o l id o n e ^ ° ) , p o ly (e th y le n e  o x id e) and

102p o ly (v in y l  m ethyl e th e r )  . I t  i s  p o s tu la te d  t h a t  m i s c i b i l i t y  i s
ach ieved  v ia  hydrogen bonding.

P o ly (e th y le n e  o x id e ) ,  a w ate r so lu b le  polym er, form s com-
103 *j q ̂p i  exes w ith  p o ly ( a c r y l i c  a c id )  , p o ly (m e th a c ry lic  a c id )  , a  v in y l  

m ethyl e th e r /m a le ic  an h y d rid e  copolym er , and carboxym ethyl 
d e x tra n 10^ . I t  has been  found  to  be m is c ib le  w ith  p h e n o lic  r e s i n s 10^, 
In  m ost o f th e se  m ix tu re s  PEO i s  assum ed to  a c t  as an e le c t r o n  donor 
and o th e r  polym er as  an e l e c t r o n  a c c e p to r .  PEO has been r e p o r te d  
to  be m is c ib le  w ith  p o ly (v in y l  a c e t a te )  1 because o f the  s i m i l a r i t y  
in  s o l u b i l i t y  p a ra m e te rs .

1.6 POLYETHERSULPHONE (PES) POLYMER BLENDS
PES i s  a h ig h  te m p e ra tu re  e n g in e e r in g  p l a s t i c  w ith  a r e p e a t u n i t

SO, 0
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Because o f i t s  a ro m a tic  c h a r a c te r  and  th e  p re sen ce  o f the su lphone 
g roup  which in c re a s e s  th e  s t i f f n e s s  o f  the  c h a in , the  polym er has 
v e ry  good m echan ica l and e l e c t r i c a l  p r o p e r t i e s  even a t  h ig h  tem pera­
tu r e s  (up to  200°C) . PES i s  u sed  i n  th e  e l e c t r i c a l ,  m ech an ica l, a u to ­
m ob ile  and a i r c r a f t  i n d u s t r i e s .  I t  i s  a ls o  u sed  f o r  u l t r a f i l t e r a t i o n .  
membranes, m ed ica l a p p l ia n c e s  and fo o d  p ro c e s s in g  i n d u s t r i e s .

PES i s  in s o lu b le  i n  w a te r  and d is s o lv e s  o n ly  in  a few  so lv e n ts  
such as N -m ethyl p y r r o l id o n e ,  m ethy len e  c h lo r id e ,  d im ethylform am ide,
d im eth y l s u lf o x id e ,  1 ,1 ,2  t r i c h io r o e th a n e  and cyclohexanone (above 70°C).

108I t  h as  been s u g g e s te d  t h a t  PES i s  m isc ib le  w ith  p o ly (e th y le n e  
oxide) (PEO) .  A t some c o m p o sitio n s  the  two polym ers form c le a r  f ilm s
when c a s t  from  a common s o lv e n t  (N -m e th y l-2 -p y rro lid o n e /m e th y le n e  c h lo r id e )  . 
I t  was im p o ss ib le  to  le a c h  o u t  PEO from  th e  b le n d  and the w e t t a b i l i t y  of 
th e  f i lm s  was c o n s id e ra b ly  in c r e a s e d .  A t o th e r  com positions th e  mix­
tu r e s  were c lo u d y . The c l e a r  co m p o sitio n s  became c loudy on h e a t in g  
w hich su g g e s ts  t h a t  i t  h as  an  LOST. No e x p la n a tio n  was o f f e re d  fo r  
t h i s  b e h a v io u r.

109In  a n o th e r  p a t e n t  two phase b le n d s  o f low  m o lecu la r 
w e ig h t PEO w ith  PES and p o ly su lp h o n e s  were d e s c r ib e d  which had  been 
p re p a re d  by c a s t in g  from  d im ethylfo rm am ide a t  50°C. The PEO co u ld  
be e x t r a c te d  from  th e se  b le n d s .

There a re  s e v e r a l  re a so n s  f o r  w anting  to  b len d  o th e r  polym ers 
w ith  PES. F i r s t l y ,  i n s p i t e  o f i t s  e x c e l le n t  p r o p e r t ie s  i t  ab so rb s  a 
sm all p e rc e n ta g e  o f m o is tu re  (a ro u n d  2 .2 $ ) w hich causes problem s in  
th e  s o ld e r in g  o f p r in t e d  c i r c u i t s .  I t  i s  p o s s ib le  t h a t  m is c ib le  
b le n d s  w ith  o th e r  p o ly m eric  m a te r ia l s  w ith  s tro n g  s p e c i f i c  i n t e r ­
a c t io n s ,  may red u ce  m o is tu re  a b s o r p t io n .  S econdly , PES i s  a new
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h ig h  perfo rm ance p l a s t i c  an d  th e r e f o r e  b len d s  w ith  o th e r  polym ers may 
open new a p p l ic a t io n  a re a s  y e t  u n d isc o v e re d . Uses in  a re a s  o f h ig h  
tem p e ra tu re  membranes, u l . t r a f  i l t e r a t i o n ,  re v e r s e  o sm o sis ,m ed ica l 
dose r e le a s e  and h o llo w  f i la m e n ts  e tc  cou ld  be en v isag ed . And 
t h i r d l y ,  u n d e rs ta n d in g  th e  therm odynam ics o f the m i s c i b i l i t y  o f 
PES polym er b le n d s  may open new a re a s  o f r e s e a rc h  in  o th e r  h ig h  
perfo rm ance p l a s t i c  f i e l d s  y e t  u n d isc o v e re d .

I n  th e  two p a t e n t s  m en tio n ed  e a r l i e r ,  no e x p la n a tio n  was 
o f f e r e d  f o r  th e  m i s c i b i l i t y  o f PES w ith  PEO. I t  cou ld  be, p o s tu la te d  
t h a t  m i s c i b i l i t y  may be due to  th e  s p e c i f i c  i n t e r a c t i o n  betw een e th e r  
g ro ups and a ro m a tic  r in g s  f o r  exam ple n - tt. i n t e r a c t i o n s .  T h e re fo re
in  t h i s  work, .b le n d s  o f PES w ith  a  number o f o th e r  polym ers w hich can 
p ro v id e  t h i s  type  o f  i n t e r a c t i o n ,  in c lu d in g  PEO were s tu d ie d .  The 
m i s c i b i l i t y  o f  PES/PEO b le n d s ,  th e  e f f e c t  o f s o lv e n t  u sed  in  p re ­
p a r in g  th e  m ix tu re  on th e  p h ase  s t r u c t u r e  and the  tem p era tu re  
com po sitio n  phase diagram , a r e  d e s c r ib e d . The phase diagram  i s  
e x p la in e d  in  term s o f th e  therm odynam ics o f the  system . I t  was 
su g g e s te d  in  th e  l i t e r a t u r e  t h a t  some com po sitio n s o f PES/PEO ab so rb  
l e s s  w a te r th an  PES, t h e r e f o r e ,  th e  s o rp t io n  o f  w ate r vapour in  b le n d  
com p o sitio n s was s tu d ie d  and  t h i s  was a ls o  u sed  to  o b ta in  in fo rm a tio n  
ab o u t th e  therm odynam ic i n t e r a c t i o n  p a ra m e te rs .

S im ila r  work was done w ith  PES/phenoxy m ix tu re s  which
were a ls o  found to  be m is c ib le .
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CHAPTER 2 

THEORY

2 .1  FLORY-HUGGINS LATTICE THEORY
A polym er b le n d  can  be e n v isa g e d  as a s o lu t io n  o f a p o ly m eric  

s o lu te ,  ( th e  component w ith  th e  l a r g e r  cha in  le n g th )  d is s o lv e d  in  a 
p o ly m eric  s o lv e n t  ( th e  com ponent w ith  th e  sm a lle r  cha in  le n g th ) .  The 
m ixing  o f two polym ers i s  t h e r e f o r e  t r e a t e d  as an e x te n s io n  o f p o ly ­
mer s o lu t io n  th e o ry , w hich i n  t u r n ,  i s  an e x te n s io n  o f th e  l i q u id  
l a t t i c e  model w hich was d ev e lo p ed  f o r  m ix tu re s  o f m o lecu les w ith  
weak in t e r a c t i o n s  and a p p ro x im a te ly  s im i la r  s i z e s .  E a r ly  polym er 
s o lu t io n  therm odynam ics, c o n s id e re d  o n ly  two a s p e c ts  o f m ix ing  i e .  
th e  i n t e r a c t i o n  energ y  betw een  segm ents o f d i f f e r e n t  ty p es and the  
c o m b in a to ria l  e n tro p y  o f m ix in g  ( th e  p o s s ib le  arrangem en t o f ch a in  
m o lecu le s  w ith in  th e  l a t t i c e ) .  I n  th e  l a t t i c e  model a polym er 
c h a in  i s  co n cep tu a  Hy ■ d iv id e d  in t o  segm ents o f th e  same s iz e  as 
th e  l a t t i c e  s i t e s ,  and th e  s i z e  i s  s e t  equal to  t h a t  o f the  s o lv e n t  
m o lec u le . The m ost im p o r ta n t  f e a tu r e s  of r e g u la r  s o lu t io n  th e o ry ,
nam ely, maximum random m ix in g  and no volume change on m ixing were

, , m H O , 5 , „  . H I ,  H 2u sed  by F lo ry  ’ and H uggins ’

2 .11  The E n tro p y  o f M ixing
The c o m b in a to ria l  e n tro p y  o f m ixing can be o b ta in e d  from 

com pu tation s o f th e  number o f  ways o f  a rra n g in g  a  f l e x ib le  cha in  on 
th e  p o in ts  o f a l a t t i c e .  C o n sid e r f i r s t  a s o lu t io n  in v o lv in g  sm all 
s o lu te  and s o lv e n t  m o lec u le s  o f th e  same s iz e  occupying the  p o in ts  
o f a r e g u la r  l a t t i c e .  The num ber o f  ways, in  which th e  m o lecu les 
can be a rra n g e d  on th e  l a t t i c e  can  be r e l a t e d  to  the  change in  
therm odynam ic p r o b a b i l i t y ,  AQ on m ix in g  and t h i s ,  in  tu rn ,  can be



r e l a t e d  to  the  c o rre sp o n d in g  e n tro p y  change AS by : m J

A S = K In  ft 2 .1m
where K i s  Boltzm ann c o n s ta n t .  I f  s o lu te  and s o lv e n t  m o lecu les  can 
re p la c e  each o th e r  i n d i s c r i m in a t e l y  on the  p o in ts  of the  l a t t i c e ,  t h a t  
i s ,  i f  m ixing i s  random, th e n  •

A Sm = -  R ^ l n  + n 2ln  x 2) 2 .2

where n^ and n 2 a re  th e  num ber o f m oles and x^ and x 2 a re  the  mole 
f r a c t io n  in  th e  s o lu t io n  o f s o lv e n t  and s o lu te ,  r e s p e c t iv e ly ,  and R 
i s  a gas c o n s ta n t .

I f  a polym er s o lu t io n  i s  now c o n s id e red , each polym er m ole­
cu le  can be re g a rd e d  a s  composed o f  a  la rg e  number x o f ch a in  segm ents 
o f equal le n g th .  F lo ry  and H uggins assumed t h a t  each p o in t  on th e  
l a t t i c e  o f c o o rd in a t io n  number z c o u ld  be o ccu p ied  by a s o lv e n t  
m olecu le  o r by a polym er seg m ent. They coun ted  the  number o f ways 
o f p la c in g  s o lv e n t  m o lec u le s  and N2 polym er m o lec u le s , each com­
posed  o f x segm ents, on + xN2 s i t e s  o f th e  l a t t i c e .  I t  was 
assumed t h a t  th e  polym er c h a in s  were f l e x i b l e ,  so t h a t  ( i  + l ) t h  
segm ent was f r e e  to  occupy any o f the  z s i t e s  su rro u n d in g  t h a t  
o ccu p ied  by th e  i t h  segm ent, th e  s i t e  o ccu p ied  by th e  ( i  -  l ) t h  
segm ent b e in g  e x c lu d e d . The c a lc u la t io n  le a d s  to  the  e v a lu a t io n  o f 
Aft from w hich, by u se  o f e q u a tio n  2 .2 ,  F lo ry  o b ta in e d . ;

A-S =m -R (n ^ ln
Nh xNr

N1 + xN2
+ n oln  —--------—2 N„ + xN„ 2.3

R e p lac in g %
N± + x ^ 2 and

xN,
Ni  + xN2

by 01 and 0

r e s p e c t iv e ly ,  th e  volume f r a c t i o n s  o f s o lv e n t  and polym er, th e n ;

A Sm -R (n ^ ln  0± + n 2ln  02) 2.4



The c o m b in a to ria l  e n tro p y  o f m ix in g  o f two m onodisperse  polym ers w ith  
an a r b i t r a r y  segm ental volume V° and each c o n s is t in g  o f m o lecu les  
w ith  x . segm ents, can be o b ta in e d  by assum ing t h a t  th e  segm ents a re  
occupying (N^x^ + NgX^) s i t e s  o f a t h r e e . d im ensiona l l a t t i c e .  The
t o t a l  volume o f th e  m ix tu re  i s  (N^x^ + N^Xg) V°. I f  n^ and n^ a re  
th e  number o f m oles o f polym er 1 and polym er 2 r e s p e c t iv e ly  and i s  
A vag ad ro 's  num ber, th e n  :

nlNA = N1 and n2U-A = N2 2 .5

th e r e f o r e  : n l X101 =  ---------  and 0O = —mx, + n^x„ r 2 n
n2X2

ll Al 2 2 llXl + n2X2
2.6

where 0  ̂ i s  th e  volume f r a c t i o n  o f polym er 1 . Assuming t h a t  i 2

m o lecu le s  o f polym er 2 a re  a l r e a d y  in  the  l a t t i c e ,  the  f r a c t io n  o f 
o ccu p ied  s i t e s  i s

12X2
Nl x l  + N2 ^

2 .7

and th e  f r a c t io n  o f u n o ccu p ied  s i t e s  = 1 - f .  2 .8x2
F ollow ing  th e  same argum ent a s  f o r  polym er s o lu t io n s ,  the  number o f 
d is t in g u is h a b le  ways o f p la c in g  th e  (i  ̂ + 1 ) ^  segm ent on th e  l a t t i c e  
i s  th e  p ro d u c t o f th e  fo llo w in g  s e r i e s :

V. +  1
12 I  ( 1 - f i 2  ̂ ^ z ( z -  1 ) (N1X1 + N2X2^ 2 .9

The f a c to r  b e in g  in tro d u c e d  s in c e  th e  two ch a in  ends a re  i n d i s t i n ­
g u is h a b le . T h e re fo re , th e  number o f ways, 0f  adding  N2 polym er
m o lecu le s  in  th e  l a t t i c e  i s  :
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Q N2 !
Np-1

Ki .  = 0 V  1 2 .1 0

By an analogous p ro ced u re  th e  segm ents o f polym er one a re  in tro d u c e d  
in to  the  rem ain in g  v a c a n t s i t e s ,  and one o b ta in s :

n i - N i: n Ni - 1

i i  = ° ^ i j .  + 1 2.11

X1 -  2
where v . + 1 = o ' J j . )  ^ z( z -  l )  (^ 1 xl  + ^2X2 )1 ^ 1 2.12

and J jL _ (N2x2 + + N2x 2) 2.13

The t o t a l  number o f ways o f in t r o d u c in g  and NgXg segm ents in to  the
l a t t i c e  i s  i

From B oltzm ann’ s Law th e  e n tro p y  o f  m ix ing  i s  g iv en  b y ;

S
—  = lna.Qn = l n ^ 1 + l n ^ 9 2.15K 1 2  1 *

RWhere K = B oltzm ann C o n s ta n t and i s  A vagadro’ s num ber.

A pply ing  S t i r l i n g ’ s a p p ro x im a tio n  f o r  the  lo g r i th m ic - f a c to r ia l  g iv e s ;
x _2

Sm/E = - N2ln  N2 + N2 -  N2ln 2  + N gln z (z  -  1) 2 + N gln ( N ^  + N ^ )
x — 2

-N2X2 -  N ^ln + N^- N ^ln 2 + N ^ln  z (z  -  l )  1 + N ^ln (N^x^ +

N2X2> "  V l  ' 2 ’16
The e n tro p y  S2 o f polym er 2 in  a l a t t i c e  o f N2x 2 s i t e s  and the e n tro p y
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o f polym er 1 in  a l a t t i c e  o f N^x^ s i t e s  can be o b ta in e d  e a s i ly  by 
u s in g  = 0 f o r  th e  fo rm er and N^= 0 fo r  the  l a t t e r ,  th en  in  o rd er 
to  o b ta in  th e  change in  th e  e n tro p y  o f m ixing o f the  m ix tu re  the 
fo llo w in g  r e l a t i o n  m ust h o ld  :

ASm
K

= -  (S -  S 1 -  SQ)T. v m 1 2'11 2.17

th e r e f o r e ,

ASm
K

= Nxln  ( N ^  + N2 ^ )  + N2ln  ( N ^  + N ^ )  -  l^ ln .

N gln N2 x2 2 .18
By r e p la c in g  th e  number o f m o le c u le s  by the  p r a c t i c a l  u n i t  o f m ole, 
th e  t o t a l  volume o f th e  m ix tu re  by (n ^x ^ + n2x2) th e  v ° l ll,lie
f r a c t io n  o f each  component from  e q u a tio n  2 .6 , th e n .a s  a f i r s t  approx­
im a tio n  fo r^ th fi. c o m b in a to r ia l  e n tro p y  o f m ix in g .p e r  mole o f m ix tu re  
e q u a tio n  2 .1 8  g iv e s  :

AS = -  R ( n . l n  0. + n nln  0O)m , v 1 1 2 2comb.
2.19

2 .1 2  The E n th a lp y  Change on M ixing
The e n th a lp y  change on m ix ing  r e s u l t s  from th e  rep lacem en t 

o f some o f th e  c o n ta c ts  betw een  l i k e  sp e c ie s  in  th e  pure components 
w ith  c o n ta c ts  betw een u n l ik e  s p e c ie s  in  the  m ix tu re . Assuming 
q j2 a n d e ^2 a re  th e  e n e rg ie s  a s s o c ia te d  w ith  th e se  re s p e c t iv e  p a i r  
c o n ta c ts ,  A £ ^2 > th e  energy  change f o r  the  fo rm a tio n  o f an u n lik e  
c o n ta c t  p a i r  i s  g iv en  by :

Ac12 = g + £ 22^ "  £ 12 2
In  a polym er-polym er m ix tu re  on a v e ra g e , su rro u n d in g  each segm ent o f

(z  N1x1)
polym er 1 in  th e  m ix tu re  a re  -----------------  segm ents o f polym er 1 and

(N1*1 + x?2)
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(z  NgX^/ (N^x^ + segm ents o f polym er 2. The t o t a l  energy  o f pure
component b e fo re  m ixing a re  :

H pure  = -  ■ |S(NlX l e u ) + ( N ^  E22) j 2 .2

and th e  t o t a l  energy  o f th e  m ix tu re  i s  : 

i  2 2
Hm = '  2 i ^ Nl Xl  £ l l )  / ( N 1x 1 + N2 x 2) j  "  f(z N1X1 N2 X2C1 2 )/(N 1x:l +

. N2X2^i“ 2 ^ z N2X2 £ 22^ / ( N ^  + NgXgjj

Hence, th e  e n th a lp y  o f m ix in g  i s  :
m

AH = H — H p urem m

From eq . 2 .2 1 , 2 .2 2 , 2 .2 3  one g e ts  :
AH = n .x  0 Aem 1 1^2

where ie = ziNa j  (ex1 + z2̂ }!2 ~ e 12^ = X12 RT

and AHm = ET ff2.x12

where X-j^ ”i n 'ke r a c 'kion p a ra m e te r” .

2 .13  The F ree Energy Change on M ixing
The G ibbs f r e e  e n e rg y  change on m ixing  i s  g iv en  by e q u a tio n

1 .1  (A G  = A H -  T A S ) .  S u b s t i t u t i n g  the  v a lu e s  o-f AH and AS N m m m m m
from e q u a tio n s  2 .2 6  and 2.19

AGm = RT (n l ln  ^1 + n 2ln  ^2  + n l x l  ^ 2 X 12^ 2 ,27
In  g e n e ra l ,  f o r  a m u lticom ponen t system  o f m onodisperse  polym ers

AG = RT i ( E 0 . / x . )  In 0.  + Z 0 . 0 . X - - 1  2.28m »' 'r i '  ' i i J ij J

Thus f o r  a th re e  component sy stem ,

2 .22

2 .2 3

2 .2 4

2 .2 5

2 .26
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A Gm = RT (n xln  ^  + n ,,ln  ^  + n _ ln  fL  + ^  ^  X12 + V '< S  X 13

+ n2 $3 X2-) 2 - 29
The above e q u a tio n s  a re  n o t  a b s o lu te ly  c o r r e c t  because the  c o n ta c t  energy
a s s o c ia te d  w ith  Ah ^ may change th e  n o n - in te r a c t in g  c o m b in a to ria l en tro p y

113change on m ix in g . I t  was shown by H ild e  .’b rand  t h a t  th e  en tro p y  o f
m ixing  e x p re s s io n  can be d e r iv e d  w ith o u t r e s o r t  to  a l i q u id  l a t t i c e
model assum ing s im i l a r  f r e e  volum es f o r  b o th  com ponents. S ta r t in g

114from f r e e -e n e rg y  o f m ix in g , L o n g u e t-H ig g in s u s in g  c la s s i c a l  s t a t i ­
s t i c a l  approach  d e r iv e d  th e  same e x p re s s io n  as F lo ry . The F lo ry -  
Huggins l a t t i c e  th e o ry  makes a number o f assum ptions which a re  in h e re n t  
in  th e  above e q u a tio n s .
( i )  A s in g le  l a t t i c e  s t r u c t u r e  i s  u sed  fo r  th e  in d iv id u a l  pure 

components as w e ll a s  f o r  th e  m ix tu re s . This i s  n o t  t ru e  fo r  
th e  m ix tu re s  becau se  o f  th e  s t re o c h e m is try  o f th e  in d iv id u a l  
p o ly m ers .

( i i )  The volume change on m ix in g  i s  ig n o re d .
( i i i )  Only im m ediate n e ig h b o u r i n t e r a c t i o n s  a re  c o n s id e red  by the 

th e o ry .
( iv )  Only c o m b in a to r ia l  e n tro p y  c o n tr ib u t io n s  a re  tak en  in to  

a c co u n t.
(v ) C o n tr ib u tio n s  due to  s p e c i f i c  i n t e r a c t i o n s  a re  ig n o re d .

2 .2  FLORY1S EQUATION OF STATE THEORY
Due to  th e  sh o rtco m in g s o f the  c la s s i c a l  F lo ry-H uggins

5 6l a t t i c e  m odel, F lo ry  and co -w o rk e rs  ’ , abandoned the  whole concept
o f a l a t t i c e ,  and c h a r a c te r i s e d  each  pure component by th re e  e q u a tio n  
o f s t a t e  p a ra m e te rs , v ‘*, T* and P* which may be e v a lu a te d  from the  pure
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component d a ta ,  d e n s i ty ,  th e rm a l ex p an s io n  c o e f f i c i e n t  and therm al 
p re s s u re  c o e f f i c i e n t .  In  a d d i t i o n  an i n t e r a c t i o n  term , X .^ , a sso c ­
i a t e d  w ith  a d i f f e r e n c e  in  chem ica l n a tu re  betw een th e  components 
was in tro d u c e d  in  o rd e r  to  c a lc u la t e  th e  p r o p e r t ie s  o f th e  m ix tu re .
The r e s id u a l  q u a n t i t i e s  a r i s i n g  from  th e  volume e f f e c t  on m ixing 
a re  d e r iv e d  in  t h i s  th e o ry  w h ile  th e  co m b in a to ria l p a r ts  a re  borrow ed 
from th e  l a t t i c e  m odel. T h is  th e o ry  l ik e  o th e r  new th e o r ie s  o f
P a t te r s o n  and Delmas ^and Sanchez and Lacombe b e n e f i t s  from the

117e s s e n t i a l  a ssu m ptio n  o f P r ig o g in e  e t  a l  who d iv id e d  a cha in  in to
Mr-se g m e n tsM and s p e c i f i e d  th e  number o f e x te rn a l  d eg rees o f freedom .
F lo r y 's  th e o ry  u se s  a p a r t i t i o n  f u n c t io n  which r e q u ir e s  a s e p a r a t io n
o f  in t e r n a l  and e x te r n a l  d e g re e s  o f  freedom . The e x te rn a l  d eg rees
o f freedom , c, a t t r i b u t a b l e  to  a  c h a in  o f "r-segm en ts" a re  l e s s  than
th o se  f o r  a s im i la r  sm all m o le c u le . Thus a segment in  a polym er
m olecu le  c o n s is t in g  o f ,lr - s e g m e n ts " w il l  o n ly  have 3c (c  < l )  in s te a d
o f th re e  d eg rees o f freedom . E x te rn a l  d eg rees o f freedom  are  assumed
to  depend o n ly  on in te rm o le c u la r  f o r c e s ,  w hereas i n t e r n a l  d eg rees o f
freedom  a re  a s s o c ia te d  w ith  in t r a m o le c u la r  chem ical bond f o r c e s .

For a pure  l i q u i d ,  F lo ry  o b ta in e d  th e  f r e e  energy  o f m ix ing
( A G ) in  term s o f an a p p r o p r ia te  p a r t i t i o n  fu n c t io n  Z, because

A G = kT In  Z 2 .30m
Thus Z f o r  pure  l i q u id  i s  g iv e n  by

-E 0/k T
Z = 0, e 2 .31

where i s  Tonk’ s p a r t i t i o n  f u n c t io n  fo r  N n o n - in te r a c t in g  m o lecu le s  
in  a volume V and E0 i s  th e  mean in te rm o le  c u la r  energy  o f a system  
p e r  m o lecu le . To o b ta in  ft, Tonk c o n s id e re d  a one d im ensional system  
o f N im p e n e tra b le , n o n - in te r a c t in g  p a r t i c l e s  on a l in e  o f le n g th  L.
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I f  1* i s  th e  h a rd  core le n g th  o f a p a r t i c l e  and 1 = — then  1 - 1 *  
i s  th e  f r e e  le n g th  a v a i la b le  to  each  p a r t i c l e  and ^ i s  g iv en  byi

n = { (1 -  1*) e }  N
F lo ry  ex tend ed  T onk 's  p a r t i t i o n  f u n c t io n  in  a n o ta t io n  a p p ro p r ia te  
to  th re e  d im ensions and t h i s  becomes :

where y 

v

Q

V .
= s 13

i s  a p u r e ly  g eo m e tric  f a c to r  

th e  volume p e r  m o lecu le

2 .32

2 .3 5

V = i s  th e  t o t a l  volume 
and v*  = h a rd -c o re  volume o f  th e  m o lecu le .
E q u a tio n  2 .3 3  can he tra n s fo rm e d  in to  a form s u i t a b le  f o r  ch a in  m ole­
c u le s  by d iv id in g  a ch a in  i n to  r - s e g m e n ts . v *  th en  becomes th e  h a rd  
core volume p e r  segm ent and v  i s  th e  volume p e r  segm ent g iv en  by:

v  ~  (V /rN ) 2 .3 4
For ch a in  m o lecu le s  o f r-se g m e n ts  e q u a tio n  2 .3 3  becomes:

kT
s u b s t i t u t i n g  (2 .3 5 )  in to  ( 2 .3 l )  g iv e s  :

r  l / _  1 /  1 /  3Nrc _
z = Gc [_y J (v - v* yj e

where ^c i s  a c o m b in a to ria l  f a c t o r  which con n ec ts  the  number o f ways 
o f m ix ing  Nr segm ents w ith  each  o th e r ,  as in  F lo ry -H uggins l a t t i c e  
th e o ry . P ro v id ed  t h a t  o n ly  n e a re s t -n e ig h b o u r  i n t e r a c t i o n s  a re  
im p o r ta n t, th e  mean in te rm o le c u la r  i n t e r a c t i o n  energ y  :

2 .36

Eq = (no. o f c o n ta c ts )  r | / v  = -  (N rSr|/2v) 2 .37
where S i s  th e  number o f in te rm o le  c u la r  c o n ta c t  s i t e s  p e r segm ent,
-r/v is the average interaction energy per contact and N is the
number o f m o lec u le s .
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The p a r t i t i o n  fu n c t io n  i s  th e r e f o r e  g iv en  by .

l / -  . V-T * 1 / , .  n3Nr
z = f2c f  Y ^ (v  " ~ v 3>] NrSri /2vkT 2 .3 8

eq. 2 .3 7  can be e x p re sse d  in  term s o f tem p era tu re  by in tro d u c in g  the  
red u ced  volum e, tem p e ra tu re  and  p re s s u re  as ;

v  = v /v *  , T = T/T* , P = P /P*  2 .39

■ where th e  c h a r a c t e r i s t i c  h a rd  core p a ram e te rs  P*, v* and T* s a t i s f y  
th e  e q u a tio n

P* v * = c'kT* 2 .40
and

T = 2v*ckT/Sfl 2 .41
th e re fo re  e q u a tio n  2 .40  g iv e s

P* = STJ// 2v* 2
The p a r t i t i o n  fu n c t io n  now becomes •

2 .4 2

1 /. 1 /3  -,3Nrc

2 .4 3

Z = a c Y N rc  [O v * )  '  3 -  V* '  ]  e (NrcA  T)
1 /  3Nrc n, 'V

= c o n s ta n t  x ( f̂. ^ -  1) e (N rc /v  Tj
th e  c o n s ta n t  b e in g  in d e p e n d e n t o f v  and T.

The pure  component e q u a tio n  o f s t a t e  can be d e r iv e d  by d i f f e r ­
e n t i a t i n g  e q u a tio n  2 .4 3  w ith  r e s p e c t  to  th e  p re s s u re  o f the  system ,

P = (kT /N r) ( $ ln  z /g v  ) T, N 2 .44
s u b s t i t u t i n g  e q u a tio n  2 ,39  and  2 .4 0  and s o lv in g  e q u a tio n  2 .44  g iv e s  

P = (T /N rc) (9 l n Z /9Y ) ^  N

The r e s u l t i n g  e q u a tio n  o f s t a t e  i s  :
a/ u / u. *}•/3 , 1 /  , %P v/T  = v /  -  (1 /v . T )

2 .45

2 .46
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A t a tm o sp h eric  p re s s u re  o th e r e f o r e
'UT = (v  * - 1 ) / v V , 2 .4 7

T his i s  the  e f f e c t iv e  e q u a tio n  o f s t a t e  fo r  the pure components- and 
i s  conn ec ted  to  two e a s i l y  m e a su re ab le  q u a n t i t i e s ,  the  c o e f f i c i e n t  o f 
therm al ex p an s io n  a and th e rm a l p re s s u re -y ,  d e f in e d  as

a = (1 /v )  ( 3v/) T) P , N= (ain v /3 T ) P, N 2 .4 8

y = ( 3 p / 8 r ) v , N  2.49

from which i t  fo llo w s
a,
V = (1  + ctT/3 ( l  + a  T )f 2 .5 0

0,Thus i f  a  i s  known, e q u a tio n  2 .5 0  g iv e s  v and e q u a tio n  2 .47  w i l l
r\jg iv e  T . D i f f e r e n t i a t i o n  o f  e q u a tio n  2 .45  fo llo w ed  by s u b s t i t u t i o n  

from e q u a tio n  2.39 and 2 .47  g iv e s
‘A 2P* = Y.Tv 2 .5 1

E v a lu a tio n  o f th e  e q u a tio n  o f  s t a t e  p a ram ete rs  in  t h i s  way e n ab le s  
one to  o b ta in  th e  o th e r  p a ra m e te rs  such  as c and ( s r i / 2v) ( in te rm o le -  
c u la r  energy  p e r  segm ent) e t c .

The E q u a tio n  o f S ta te  f o r  M ix ture
The th e o ry  can be a d a p te d  to  b in a ry  m ix tu re s  by a s e t  o f  

com bining r u l e s .
1 The core volum es o f th e  p u re  components a re  a d d i t iv e ;  and s p e c i­

f i c a t i o n  o f  a segm ent f o r  each  component rem ains a r b i t r a r y .  Hence,
•Wri t  i s  c o n v en ien t to  use  segm ents o f the  equa l s iz e  so t h a t  v^ =

* *v^ = v  . The segm ent h e re  means monomer r e p e a t  u n i t .
The in te rm o le c u la r  e n e rg y  depends on the su r fa c e  a re a  o f c o n ta c ts  
betw een m o lecu le s  a n d /o r  seg m en ts . These assum p tio ns g iv e  j
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N = Nx + N2

.-1r  = (^ 1/ r 1 + 0 ^ ) '

S = + ^2S 2 = ^r l Nl Sl  + r 2N2S2  ̂ / r  N

■c “ 1̂61 + 02c2 = (r^N^ + rgNgCg)/? N

0̂  and 0g a re  r e d e f in e d  as segm ent f r a c t io n s  in s te a d  o f the  volume 
f r a c t io n s  which a re  u sed  in  th e  l a t t i c e  m odel, i e .

02 = 1 - 0* = (r^g/r N)
The m olar h a rd  core volume i s  g iv e n  by V;?'. = r  v£, th u s  ( r 2/ r ^ )  =

(V*/Vi£) and we may w r ite  segm ent f r a c t io n s  as
H = N 2V|/(N 2V| + NiV})

o r ^2  = M2VS p ,2 / ,*'M2VS p,2  + V VS p ,l )
Where M. i s  th e  mass o f com ponent i  and v* . i s  the  h a rd  corei  * S p ,i
volume p e r  gram . From th e s e  we g e t  th e  p a r t i t i o n  fu n c t io n

i / .
* = Zc o m b > v*)

3r No (E0 m ]VS)

where Z , i s  th e  c o m b in a to r ia l  f a c to r  fo r  in te rm ix in g  the two comb.

2 .52

2 .5 3

2 .54

2 .55

2.56

2.57

2.58

2.59

com ponents.
P ro v id ed  t h a t  o n ly  th e  n e a r e s t  n e ig h b o u r c o n ta c ts  a re  assumed, the  
energy  Eo o f th e  m ix tu re  ta k e s  th e  form o f t h a t  fo r  a pure com ponent.

E0m = (AjL1I>11 + A22n22 + A12'n12^V 2*̂ °

where A ij i s  th e  number o f n e a r e s t  n e ig h b o u r c o n te n ts  o f  energy  

Assuming random m ix in g , i t  fo l lo w s  from eq . 2 .3 7 .

A12 ”  Sl r l Nl 02 “  S2r 2N2% 2.61

2 A^^ + -^12 = 0l r l ^ l 2.62
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2 A22 + A12 -  ^ 2r 2^2 2.6j

An n i l +n2 2 - 2 12
q2 and 0^ a re  s i t e  f r a c t io n s  and d e f in e d  by :

02 = 1 “  9 1 = S2r 2N2 /  ( S2r 2N2 + Sl r l Nl^
= ( S j /S ^  * 2 /  K  + ( S j /S ^  f f j
= S02 /  (S02 + f(1 )

= S ^ 2 / ( S 101 + S ^ 2)

su b s titu tio n *  o f th e s e  e q u a tio n s  i n to  e q u a tio n  2 . 60.

Ec m= - ( s7n/ 2v) ( 0 A l  +  a 2n  22  -  8i e 2AT1)
/

By an a lo g y  w ith  e q u a tio n  2 .3 7  and 2 .4 2 , th e  en erg y  f o r  the  pure- 
component m ix tu re  can be d e f in e d  a s  :

- EOm/r N - ****/ %
Comparison o f t h i s  e q u a tio n  w ith  2 .6 .6  and 2 .4 2  grfres th e  f i r s t  
c h a r a c t e r i s t i c  p a ram e te r f o r  a m ix tu re  :

P *  =  p * t f 1 +  p *  t2 -  ^ 0'2 x 12

s i 'An
where X12 = 2 v**

2 .6 4

2 .65

2.66

2.67

2.68

2.69

and i s  th e  i n t e r a c t i o n  term , w ith  d im ensions o f energy  p e r u n i t
volume and a r i s e s  from  th e  ch em ica l n a tu re  o f th e  com ponents.

S ince  e q u a tio n  2 .4 0  i s  a ls o  a p p l ic a b le  to  the  m ix tu re , i t
fo llo w s  t h a t  th e  second  p a ra m e te r  T* i s  o b ta in e d .

P*v* = c k T *  2 .70
-1 -1 and T* = T* + 0 2P*T* )

E q u a tio n s  2 .6 8  and 2 .71  show t h a t  th e  red uced  p a ra m e te rs , p and T ,

2.71
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f o r  th e  m ix tu re  a re  co m p o s itio n  d ep en d en t. Knowing T fo r  the
<\jm ix tu re , e q u a tio n  2 .47  p ro v id e s  v , which i s  e s s e n t i a l  in  o rd e r  to 

s p e c i fy  th e  b in a ry  m ix tu re  q u a n t i t a t i v e l y .

The E n th a lp y  Change on M ixing
The e n th a lp y  change on m ix in g  i s  equal to  th e  .energy change on . 

m ix ing  a t  low p re s s u re  :

A Hm = Eol ,  2 -  (Eol  + Eo2^ 2 - 72
Where ( l ,  2) r e f e r s  to  c ro s s  te rm s (o^) and ( o^) r e f e r  to  pure com­
p o n e n ts . E q u a tio n  2 .7 2  c o u ld  be e x p re sse d  in  term s o f a s u b s c r ip te d  
v e r s io n  o f e q u a tio n  2.67 a s  :

AH = rN v * (^ l Pl V v 1 + $ pP pV ^9  ~ P*/v)m x j. a. ^ ^ ^ p .73

In tro d u c in g  P* from e q u a tio n  2 .6 8  g iv e s  :
AHm = rNv*{ \~1 - v " 1) + ~

+ ^ 19 2X12//^  * 2,74
S in ce  tf.rN  = r .N . and r .v *  = V .* , E q u a tio n  2 .7 4  can be w r i t t e n  as :i  l i  l  i

AHm = N ^ V I C V 1^ " 1) + N2P2*V2*

+ W  ^ 1 2 ^
The l a s t  term  in  e q u a tio n s  2 .7 4  and  2 .7 5  r e p r e s e n t  the  c o n tr ib u t io n s  
from c o n ta c t  i n t e r a c t i o n s  a t t r i b u t a b l e  to  a d if fe re n c e  betw een 1 , 2 

p a i r s  and th e  mean o f 1 , 1 and  2, 2 c o n ta c t  p a i r s .  The term s p re ­
ced ing  i t  a re  th e  e q u a tio n  o f  s t a t e  t e r n s .  T h e ir  c o n tr ib u t io n  to  
th e  e n th a lp y  change on m ix ing  depends on the  red u ced  volume o f th e  
m ix tu re . The co n v en tio n a l e x p re s s io n  fo r  th e  h e a t  o f m ix ing  i s  :

A Hm =  BN^ 2 2.76
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where B i s  assum ed to  be c o n s ta n t  and  ind epen den t o f c o n c e n tra t io n .
B i s  de te rm in ed  from  th e  m easu red  h e a t  o f m ixing o f one polym er w ith  th e  
la rg e  excess  o f th e  o th e r .  The p a ram e te r B can be o b ta in e d  in  the 
l i m i t  o f i n f i n i t e  d i l u t i o n  by a s e r i e s  o f exp ansio n  o f e q u a tio n  2. 7^ 
in  powers o f 0^,

B = lim  (A Hm/ N ^ 2) = lim  (A H /N ,,)  (V*/V*)
02 + O ^ 2 * 0

“ ( V j / f y  {P*[_\/v2 -  1 - a xT (1 - V ^ ) ]  + ( '1 + a l T)

<SA )  X12 > 2-7
% a-I f  > Tg th e  e q u a tio n  o f s t a t e  c o n t r ib u t io n  w ith in  the  square  

b ra c k e t  i s  n e g a t iv e ,  and e n th a lp y  change on m ixing f o r  a la rg e  ex cess  
o f s o lv e n t  w i l l  be n e g a tiv e  u n le s s  i s  la rg e  enough to  dom inate th e
term s in  th e  b r a c k e ts .  The n e g a t iv e  change on m ixing  w il l  e n su re  a 
n e g a tiv e  ex cess  volume change on m ix in g  d e f in e d  as :

V E  ^ V o  ^  -oV = V - V > V = + f*2v2 2.78

V /v = + ^2v2) - 1 2.79
a,e q u a tio n  2 .79  i s  r e l a t e d  to  th e  co m p o sitio n  th rou gh  T o r T*.

M easurem ent o f  th e  volume change on m ix in g . A V and th e  unmixed 
V° g iv e s  Y ^ /v °  = A V /V ° d i r e c t l y .
D i f f e r e n t i a t i n g  th e  e n th a lp y  e q u a tio n  2 .75  w ith  r e s p e c t  to  w i l l  
g iv e  th e  p a r t i a l  m o la r h e a t  o f  m ix in g  o f component i ,  which in  tu r n  
i s  r e l a t e d  to  th e  e n th a lp y  i n t e r a c t i o n  param eter;^  :

A 5i = “l - H1 = (3A H /  3N,) ^  £ .^  2.80

= 0  V 3 V  N2 , X ( 3AHm/3 % )  ^

<3 t / 3 V  N „,T , 'V 2.81
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The f i n a l  r e s u l t  i s
A ^  = Pjl V1  ̂ (V1 “ ^  ) + ( aTA )  ( -  T) /T  )}+ (V* X12/v )

(1 + a T ) 0 R T X h 0 2 .82

—RA pply ing  s im i l a r  p ro c e d u re , th e  e n tro p y  e q u a tio n  g iv e s  TS^ , 
which i s  s i m i l a r ly  r e l a t e d  to  th e  e n tro p y  i n t e r a c t i o n  p a ram ete r, X,

tSi R = - P *  V* { y t 1 In (v J / 3  -  1 ) 1 ^ 3  - 1 )  -  ( aT/v)  (T1 - 1/ 1 ) } +  

(v* i ^ / v  ) ( a T  X12 + T v Q1 2 ) =  -H TX s ^ 2 2.8.3

Where Q .^ i s  i h e e n tro p y  c o r r e c t i o n  p a ram e te r.
The p a r t i a l  m o lar r e s id u a l  ch em ica l p o te n t i a l  o f component one i s  
th e re fo re  s

R * * % ^1/3II H- vi { 3 T̂ ln (vi

* 2 .
(xi2

%
V1 OJ v-: - ^  « i2)

* / & 1 / 3

RT Xt  0

^ - 1 ^ - 1  
i )  + -  v  )} +

2 . 8 4

Where i s  th e  t o t a l  i n t e r a c t i o n  p a ram e te r, i e .  X̂  =X g  +X g 2.85

The e q u a tio n s  2.8 '2, 2 .8 3  and 2.8.4 se rv e  as d e f in i t i o n s  o^ X h ’ X g and

r e s p e c t iv e ly .  The v a lu e  o f  anc  ̂ Q12 a re  supposed to  be comp­
o s i t i o n  in d e p e n d e n t, w hereas th e  co m p o sitio n  dependence o f Xp- and 
Xg a re  g iv en  as  :•

X x = X „ + X 0 + X 0* t  t , l  + t , 2 2 + t.,3. 2

XH XH,1 + X H ,2  ^2 + X H. 3 0(

S “  XSj|i  + X S ,2  02 + X s ,3 02

2 . 8 6

2.87

2.88
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The chem ical p o t e n t i a l  o f com ponent one in  the  m ix tu re  i s  composed o f 
a c o m b in a to ria l  and r e s id u a l  p a r t .  The c o m b in a to ria l p a r t  i s  g iv en  
by th e  F lo ry -H ug gin s l a t t i c e  th e o ry .  T h erefo re  :

(u CODD + (y-L- Uj ) 2.89

(w -  u l } comb. RT { l n  0 1 + ( r l / r 2> 0 2> 2-9°
On t h i s  b a s i s ,  th e  chem ical p o t e n t i a l  o f component one in  the  m ix tu re  
may be w r i t t e n  as :

(U - u£)/RT = ln(l-02) + (l-r1/r2)02+{(u-u°)P7RT0^!Zi2
By e q u a tin g  th e  chem ical p o t e n t i a l  from the  two th e o r ie s  one g e ts  a 2.91

r e l a t i o n  betw een and ( ^ e F lo ry -H ugg in s) i n t e r a c t io n  p a ra m e te r .
Xl2=PlVl /RT ^f3^Ln( v]/3- l)/( v1/3- l) + (v-1-v'1)+X1262/P!_tv}

2.92

The F ree  E nergy  Change on M ixing
The f r e e  energy  o f  m ix in g  i s  o b ta in e d  from the p a r t i t i o n  

fu n c t io n  e q u a tio n  2 .4 3  w ith  th e  a p p ro p r ia te  r e n o ta t io n  fo r  the  pure 
components and th e  s o lu t io n ,

= n l  ( y '-*) n  3 r j c j ( v .  -  1)
l / -  3 N . r . c .  N . r . c . / v . T .3 J J J J J J J J

2.93

T hus:
where j  = {*1, 2 , (1 .2 )  }

AG = kT In  ( z ( 1 ,2 V z 1Z2) m \ / / 2.94

The a c tu a l  m a th em atica l m a n ip u la t io n  i s  n o t  d i f f i c u l t  b u t the  sub­
se q u e n t s u b s t i t u t i o n s  a re  c o m p lic a te d , th e r e f o r e  the  r e s u l t  i s  g iv e n
h ere  :
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V- V-AGm = kT ( n ^ n j ^  + n 2ln 0 2 ) + 3 r j ^ P ^ l n  3 _ l ) . / ( v  3_ x )

3 p r̂ji 2r2 2 In ( v ^
-1

v ^ 5 - » t + r N % ^ P * o. - 1/7 V7
*0 P 2 2

V -  » _
( l A  J  -  l / ^ >  j + ( 0 1 92 x 1 2 / y ) 2 .95

7E tc h in g e r  and F lo ry  d e r iv e d  th e  above e q u a tio n  f o r  th e  f r e e  energy  o f m ix in g  . 
The f i r s t  term  i s  th e  c o m b in a to r ia l  e n tro p y  term  j u s t  a s  in  e q u a tio n  2.19 
in  th e  F lo ry  Huggins l a t t i c e  th e o ry .  The second term  r e f l e c t s  the  equa­
t io n  o f s t a t e  c o n tr ib u t io n s  an d  th e  t h i r d  r e p re s e n ts  the  e n th a lp y  which
c o n ta in s  i n t e r a c t i o n  c o n t r ib u t io n s  ( X . . ) ,  The reduced  volume v o fi j .
th e  m ix tu re  c o n ta in s  b o th  th e  e q u a tio n  o f s t a t e  and i n t e r a c t i o n  con-

0, At r i b u t i o n s .  V ary ing  th e  v a lu e  o f  V can cause A G^ to  change from
n e g a tiv e  to  p o s i t iv e  and hence  in f lu e n c e  th e  s t a t e  o f m i s c i b i l i t y
u n d er c o n d it io n s  when th e  i n t e r a c t i o n  term  i s  sm a ll.

The "e q u a tio n  o f  s t a t e "  th e o ry  s u c c e s s f u l ly  p r e d ic ts  low er
and upper c r i t i c a l  s o lu t io n  phase  b o u n d a rie s  fo r  polym er m ix tu re s .
I t  can a ls o  p r e d ic t  n e g a tiv e  h e a ts  o f m ix in g , i n t e r a c t i o n  p a ram e te rs

118and ex cess  volum es o f m ix in g . C h a la l found t h a t  the  t h e o r e t i c a l  
p r e d ic t io n  o f th e  i n t e r a c t i o n  p a ra m e te r ,^  , by the  e q u a tio n  o f s t a t e  
th e o ry  was n o t  m atched by th e  e x p e rim e n ta l f in d in g s .  The th e o ry  
assumed t h a t  o n ly  c o n ta c t  i n t e r a c t i o n s  betw een n e a r e s t  n e ig h b o u r 
segm ents c o n tr ib u te  to  X^2 and  t r e a t e d  X^2 as  an e n th a lp y  p a ra ­
m e te r . However, th e  i n t e r a c t i o n s  betw een th e  n e a r e s t  n e ig h b o u r a ls o  
a f f e c t  the  e n tro p y . Such an  e n tro p y  c o n tr ib u t io n  in v o lv in g  c o n ta c ts  
o f end and m id chain  segm ents m ust depend on the  com position  o f the  
m ix tu re  in  the  same manner a s  the  i n t e r a c t i o n a l  energy  term . Due
to  t h i s ,  d is c re p a n c ie s  betw een  th e  t h e o r e t i c a l  and ex p e rim en ta l 
v a lu e s  o f th e  i n t e r a c t i o n  p aram ete r X^2 were n o t ic e d  by
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Abe and F lo ry  . F lo ry  overcam e th e se  by in tro d u c in g  an e n tro p y  
c o r r e c t io n  p a ram e te r, w hich  i s  r e p re s e n te d  by i t s  c o n t r ib u t io n ,
<Vt Q^2j to  th e  t o t a l  exchange i n t e r a c t i o n  p aram ete r X ^ .  The en -

/th a lp y  i n t e r a c t i o n  p a ram e te r i s  d e f in e d  a s  <:

X12 “  X12 vT^12 2’^
22To t e s t  the e q u a tio n  o f  s t a t e  th e o ry  McMaster c a r r ie d  o u t an 

e x te n s iv e  n u m erica l a n a ly s is  f o r  polym er b le n d s . The e f f e c t  o f 
polym er ch a in  le n g th ,  th e rm a l ex p an s io n  c o e f f i c i e n t ,  therm al 
p re s s u re  c o e f f i c i e n t ,  exchange en e rg y  p a ram e te r, X .^ , and p o ly -

d i s p e r s i t y  were s tu d ie d .  He fo u nd  n e g a tiv e  o r v e ry  sm all p o s i t iv e  
v a lu e s  o f X ^ ^  low m o le c u la r  w e ig h t o f one o r b o th  polym ers and 
s im i la r  the rm al ex p an s io n  c o e f f i c i e n t s  fav o u r c o m p a t ib i l i ty .  For 
n o n -p o la r  polym ers i s  e x p e c te d  to  be p o s i t iv e ,  th e re fo re  i n  t h i s  
case m i s c ib i l i t y  i s  enhanced  by  low  m o lec u la r w eig h ts  and s im i la r  
c h a r a c t e r i s t i c  te m p e ra tu re s .  P olym er-polym er m ix tu re s  w ith  a c c e p t­
a b le  component p a ram e te rs  w ere found  to  show LCST b eh av io u r. These 
p r e d ic t io n s  were found to  be t r u e  f o r  p o ly s ty re n e -p o ly  (v in y l m ethyl 
e th e r )  and s ty r e n e / a c r y lo n i t r i l e - p o ly ( m e th y l  m e th a c ry la te )  and
s t y r e n e / a c r y l o n i t r i l e  copolym er -  p o ly c a p ro la c to n e  blends'*’2^ .

121P a t t e r s o n 's  s im p l i f i e d  t r e a tm e n t  o f  F lo ry * s  e q u a tio n  o f s t a t e
th e o ry , how ever, showed t h a t  th e  s p e c i f i c  i n t e r a c t io n s  dom inate
m i s c i b i l i t y  and n o t  f r e e  volum e as  p o in te d  o u t by McMaster.

122te n  B rinke e t  a l  s tu d ie d  the  e f f e c t  o f b in a ry  p a ra ­
m e te rs  on th e  asym m etrica l shape  o f  th e  sp in o d a l curves and found 
good agreem ent betw een e x p e r im e n ta l  c lo u d  p o in t  curves and the  c a l­
c u la te d  sp in o d a ls  fo r  th e  P V T ^Z /iso tactic  PEMA system .
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2 .3  OTHER THEORIES
The c o rre sp o n d in g  e q u a tio n  o f s t a t e  th e o ry .
T h is th e o ry  c o n s id e r s  th e  e f f e c t  o f volume change on m ixing 

on the  ex cess  therm odynam ic f u n c t io n s .  The concept o f a d iv is io n  o f 
th e  d eg rees o f freedom  o f  th e  c h a in  m o lecu le s  in to  e x te rn a l  and i n t e r ­
n a l  d eg rees o f freedom  h as b een  u se d . P rig o g in e  u sed  th e  l a t t i c e  
model to  c a lc u la te  w h ile  F lo r y ’ s approach  c o n s id e rs  the  a c tu a l
m o lec u la r s t r u c t u r e .  I n  c o rre sp o n d in g  s t a t e  th e o ry  th e  p re s s u re
e f f e c t s  on y. a re  b e t t e r  r e p r e s e n te d  th a n  F lo ry ’ s s t a t e  th e o ry .

123P a t te r s o n  and Delmas by com paring A H^. , T a _ and A V
p o in te d  o u t t h a t  th e  p r e d ic t io n s  from  F lo ry ’ s th e o ry  were s u p e r io r
to  th e  c o rre sp o n d in g  s t a t e  th e o ry .  In  g e n e ra l t h i s  th e o ry  does
n o t  o f f e r  any adv an tage  o v e r F lo r y 1s e q u a tio n  o f s t a t e  th e o ry .

124Renuncio and P r a u s n i tz  in t ro d u c e d  a p a r t i t i o n  fu n c t io n  by
m odify ing  th e  energy  o f i n t e r a c t i o n  to  tak e  in to  acco u n t the  non-

123random m ixing  o f two com ponents. Canovas e t  a l  have d e r iv e d  
th e  fo llo w in g  e q u a tio n  o f s t a t e  by u s in g  the  non-random ness concept 
o f m ixing
pA  o}-/~r r  n,1 / -  yofy(pv /T ) = (v- V(v -> - 1) -  (1/TV + A/T 2̂ 2 2.97

For A = c = 0 t h i s  e q u a tio n  re d u c e s  to  F lo ry ’ s e q u a tio n  o f s t a t e .
The t h i r d  term  o f above e q u a tio n  i s  due to  th e  volume dependence o f
lo c a l  com po sitio ns and th e  f o u r th  due to  th e  volume dependence o f th e
c o m b in a to ria l c o n t r ib u t io n .  By u s in g  a new p a r t i t i o n  fu n c t io n  i t
has c o n s id e re d  th e  e n tro p y  i n  th e  i n t e r a c t i o n  term , and hence removed
th e  Q-^2* how ever, assum es v* = v* = v* and n e g le c ts  th e

126e f f e c t  o f i n t e r n a l  d eg rees  o f  freedom . T his model has been found 
to  show good agreem ent betw een  p r e d ic te d  and e x p e rim en ta l v a lu e s  ofX , but 
gave a t h e o r e t i c a l  p r e d ic t io n  o f p o s i t iv e  volume changes o f m ixing fo r
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m ix tu res  o f PDMS w ith  some s o lv e n t s  compared to  e x p e r im e n ta lly  found 
n e g a tiv e  v a lu e s .  T h is th e o ry  i s  more co m p lica ted  than  F lo r y 's .

and to  be c o m p re s s ib le . Thus th e  co m p ressib le  l a t t i c e  th e o ry  i s  
capab le  o f d e s c r ib in g  volume changes on m ixing as w ell as LOST and 
UCST b eh a v io u r . i s  o b ta in e d  from h e a t  o f m ixing s im i la r  to  F lo ry ’s
th e o ry . T his th e o ry  shows t h a t  m i s c i b i l i t y  fo r  h ig h  m o lecu la r w eight 
polym ers can o n ly  be p r e d ic te d  when th e  h e a t  o f m ix ing  o f two components 
i s  n e g a t iv e .  The m ain d is a d v a n ta g e s  o f the  (LF) th e o ry  i s  th e  p re ­
d ic t io n  o f  A V11 from th e  c lo s e  p ack ed  d e n s i t i e s .  Most o f the  h a rd  
core d e n s i t i e s ,  P * , p r e d ic te d  by th e  (LF) th e o ry  a re  abou t 10 p e rc e n t  
s m a lle r  th an  t h e i r  known c r y s t a l l i n e  d e n s i t i e s ,  m ost p ro b ab ly  due to  
th e  pack in g  f a c to r  o f th e  l a t t i c e .  The (LF) th e o ry  i s  b a s ic a l ly  
in te n d e d  to  d e s c r ib e  th e  f l u i d  (d iso rd e re d )  and n o t  c r y s t a l l i n e  
(o rd e re d )  s t a t e ,  even though a l a t t i c e  i s  u sed  in  th e  fo rm a tio n  o f 
th e  th e o ry .

2 .4  APPLICATION OF "EQUATION OF STATE1*THEORY TO PHASE SEPARATION

a t  A and B, two co m p o sitio n s  on th e  b in o d a l a t  a g iv en  te m p e ra tu re . 
The sp in o d a l curve l i e s  in s id e  th e  b in o d a l, r e p re s e n ts  th e  l im i t s  o f

Sanchez and Lacombe 116, 127, 128 developed  a L a t t i c e -
F lu id  (LF) th e o ry  by a l lo w in g  th e  l a t t i c e  to  have some v a c a n t s i t e s

The t h e o r e t i c a l  p hase  d iagram  c o n s is ts  o f a b in o d a l curve which
i s  th e  l i n e  c o n n ec tin g  th e  e q u i l ib r iu m  com positions o f phase s e p a ra te d  
m ix tu re s  and i s  g iv e n  by :

( A y x) B

( A®2^B 2.99

2.98

where ( A]_k)^ and ( A y^)^  a re  c^ emi cal  p o te n t i a l s  o f component i
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3 2( AG)

m e ta s ta b le  c o m p o sitio n s , and i s  g iv en  by e q u a tio n  1.9 (---------5-  = 0)
The sp in o d a l and b in o d a l m eet a t  th e  c r i t i c a l  p o in t  where e q u a tio n  1 .8

(—-—^  vp) = 9 ( =0) i s  s a t i s f i e d .  Polym er com position  betw een
3 J*3 3 02

th e  b in o d a l and th e  sp in o d a l can s e p a ra te  by n u c le a t io n  and grow th, 
w hereas w ith in  th e  sp in o d a l f l u c t u a t i o n s  in  c o n c e n tra t io n  a re  s ta b le  
and phase s e p a r a t io n  may o cc u r sp o n tan e o u s ly  by the  sp in o d a l decompo­
s i t i o n .  The o b se rv ed  c lo u d  p o in ts  cu rve  th e re fo re  sh o u ld  l i e  between 
th e  b in o d a l and th e  s p in o d a l .
2 .4 1  A p p lic a t io n  o f "E q u a tio n  o f S ta te "  Theory to  Cloud P o in t

g iv en  by
The chem ical p o t e n t i a l  o f  component one in  the  m ix tu re  i s  

80, 81

Ay 'Xi l /l/B T  = lnf(1 + ( 1 - ^ / r  ) 0 + P* Vj/BT { 3 q  In  3 - l ) /

( V  3-  1) + 1 / ^  - l A .

-  V1 1 u ? 2  / R

+ \  ( t  - }  +  V* x12 el / etv-

2.100

A pply ing  th e  sp in o d a l c o n d it io n , i L f iljl~ ^  = 0 , to  t h i s  e q u a tio n  
° 80, 81y ie ld s  the  e q u a tio n  u sed  in  th e  s im u la t io n  o f the sp in o d a ls  

9 ( li1 / ^ T ) = - l /0 ^  + (1 -  r ^ / r g )  + (P | V |/R T |)  ( -  D /(v  -  v

+ P*V* D/(RTv2) + PV* D/(RT)

+ V1 X12 2 6 201 A RT̂  “ V1 X12 d02 / ( R1̂ 2)

" V1 Q l22 0 2 A / ( RW
. s'V ~where ^  = D

2.101

2.102

and 0 A = 1 - 0

I n  o rd e r  to  so lv e  t h i s  e q u a tio n , one needs to  know th e  fo llo w in g  s t a t e  
p a ram e te rs  o f th e  pure com ponents.
(a )  The s p e c i f i c  volum e, v g^ = l / d
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(b) The therm al ex p an s io n  c o e f f i c i e n t ,  a  = 1 / V ( ^ )
3 P(c ) The therm al p re s s u re  c o e f f i c i e n t ,  y = _3P>
8T;

S2 _( d) The su rfa c e  p e r  u n i t  o f  core  volume r a t i o  —  = S
S1

(e ) The i n t e r a c t i o n  te rm s, X ^ j X̂2m

There a re  two m ethods o f c a l c u l a t in g  the  p aram ete rs  in  eq u a tio n . 2 .1 0 1 . 
F i r s t l y  one cou ld  c a lc u la te  th e  v a lu e s  o f v g^ , & , Y a t  each 
tem p e ra tu re  T from

V :
. .0 = y C A T

e
SDJr sp

ed =  a o
2

+ a 0 (7  + a 0T)

Y 0
>

-

II -  Yo (1  + 2 a T) 
0 '

2.103
2.104

2.105
a aV alues o f v , P* and T can th e n  be found  fo r  each component from 

2 .5 0 , 2 .51  and 2 .47  and f o r  th e  m ix tu re s  P* from 2.68* v fo r  the  
m ix tu re  i s  th en  found from

1/ ,AV 3 = 1 /( 1  - ^Tv) 2 .47
The a l t e r n a t i v e  p ro ced u re  i s  to  u se  e q u a tio n  2 .5 0 , 2 .51  and 2 .4 7
to  c a lc u la te  "v\ and P^ a t  th e  s in g le  tem p era tu re , where b o th  a
and Y a re  known and hence ^ . One can th en  c a lc u la te  P* and T* fo r

1A,th e  m ix tu re . T f o r  any com ponent o r the  m ix tu re  can be found from
A.e q u a tio n  2 .39  a t  any te m p e ra tu re  and  hence v . Both th e  p ro ced u res

g iv e  th e  same r e s u l t  e x c e p t where th e  r a t i o  o f the  two components i s
v e ry  la rg e  o r sm all and th e  e q u a tio n s  become v e ry  s e n s i t iv e  to  sm all 

Ae r r o r s  in  v .
S ince  n o rm a lly  X ^  i s  found  from the  h e a t  o f m ix ing , Q ^

would have to  be u sed  as an a d ju s ta b le  p a ram e te r. I f  i s  known 
no a d ju s ta b le  p a ram e te r i s  n eed ed .
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2 .4 2  A p p lic a tio n  o f "E q u a tio n  o f S ta te  Theory" to  M elting  P o in t
D ep re ss io n
The e q u a tio n  1 .1 5  u s e d  f o r  c a lc u la t in g  the i n t e r a c t io n  p a ra ­

m e te r y from m e ltin g  p o in t  d e p re s s io n  d a ta  which in c lu d e  a c o r re c -
88t io n  fo r  m o rp h o lo g ica l e f f e c t s  has been g iv en  by Kwei , and i s  

rep ro du ced  h e re  a g a in  :

AH2U ( Tm -  Tm * P »  C X ;12 1 .1 5
— ^RTo ' m2 " au2 - R -

When the  m e l t in g  p o in t  e q u a tio n  1.15  i s  re fo rm u la te d  in . terms- o f  th e  equa-
129t io n  o f s t a t e  th e o ry  Walsh and  R ostam i w rote e q u a tio n  2.100 f o r  

component 2 ig n o r in g  th e  p r e s s u r e  term  and u s in g  as d e f in e d  in  
e q u a tio n  2.96 as :

A }J, v ,
RT

v 3
= In  *2 + (1 -  g  ) h  + n  fin  | 3  t2 m  ^ 1 7 ^ 1

1  - 1 !'V. 'V
+ V2 X12 «1 5<Y,RTv

2.106

E q u a tio n  1 .1 5  would th en  become

Ho (T° -  2 u  v m T ) ,T
* * p2 V2 / A>

3TP
0 RTm m2 V 0± CMaP3 i ^

(v2 / 3 -_ *) 1 1 ) V | X12 0* S c
2.107■ v1/(V 1) v 2 v ' 01^ ^  m2

+
R

Where C i s  th e  a d ju s tm e n t f o r  m o rp h o lo g ica l c o n t r ib u t io n s  id e n t i c a l  
to  t h a t  u sed  in  e q u a tio n  1 .1 5 .  Thus, i f ,  as in  the  p rev io u s  ca se , a 
p lo t  o f th e  l e f t  h an d sid e  o f e q u a tio n  2 .107  i s  made a g a in s t  0̂  one 
o b ta in s  a s lo p e
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V2 5 X12 
%ra^Rv

V* X V 2 12
m 2r  \ s

2.108

th e  ap p ro x im atio n  b e in g  made as 0^ ten d s  to  ze ro . 
An a l t e r n a t i v e  q u a tio n  is :

AH (T -  T ) 2u v m nr In  0
R T° m~m 2

1 / ,  ou '  1
ln \  2 - l )  . 1 1

-V, 1 / , — + —% ' %
(v .1) V2 V

1 - ^ 2  
v r l .

p* v* 2 2
r  £jjm.

V2 S X12 0 1 C»--------------  1 + — 2.109
R v  m, R

0Where C1 = C ( —  ) can be u s e d  w hich assume m orp ho log ica l c o n tr ib u -
6it io n s  c o n tr ib u te  a s  i n s t e a d  o f  0̂  which i s  an a t t r a c t i v e  assu m p tio n . 

Then th e  s lo p e  o f a p l o t  a g a in s t  0^ g iv e s

V* S XV1 S Xl 2
R v  m^

Ll2 2.110__ a- R v ^ 2
which i s  a c lo s e r  a p p ro x im a tio n .

%In  o rd e r  to  c a lc u la te  v , a v a lu e  o f X ^  i s  r e q u ire d  fo r  
e q u a tio n  2 .6 8 . I f  Q^2 i s  z e ro  th e n  X ^  = X^^ and th e  eq u a tio n s  can
be so lv e d  i t e r a t i v e l y ,  b u t  i f  Q^2 f  0 then  an e x a c t  s o lu t io n  i s  n o t  
p o s s ib le .  F o r tu n a te ly  th e  v a lu e  o f  X^^ chosen fo r  e q u a tio n  2 .6 8  does 
n o t  have a v e ry  la r g e  e f f e c t  on th e  v a lu e  o f X ^  c a lc u la te d .  In  the  
system s exam ined any re a s o n a b le  v a lu e  o f X ^  has an e f f e c t  on X ^  which 
i s  w ell w ith in  th e  e s t im a te d  e f f e c t s  o f e x p e rim en ta l e r r o r .
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CHAPTER 3 
EXPERIMENTAL

3 .1  POLYMERIC MATERIALS

P o ly e th e rsu lp h o n e
Po ly e  th e  r s u l  phone was k in d ly  s u p p lie d  by I  C l. (V ic tre x  2 00 P )} 

fo rm ula  (-C^H^-SO g-CgH ^-O^. I t  h as  a q uo ted  red u ced  v i s c o s i ty  o f 
0 .4 1  cnrg as a  1 fo s o lu t io n  in  dim ethylform am ide (DMF) a t  25°C, a

_'Td e n s i ty  o f 1 .3 7  g cm J a t  25°C, a  r e f r a c t i v e  ind ex  o f 1 .6 5  and a Tg 
o f 226°C. The q u o ted  number av e rag e  m o lecu la r w eig h t was I 765I  g 
mole and th u s  th e  d eg ree  o f  p o ly m e r is a tio n  was ap p ro x im ate ly  76.
I t  was d r ie d  in  an oven a t  150°C f o r  5 hours b e fo re  u se .

Po 1 / (  e th y l  ene • cx f do) (PEO )

P o ly (e th y le n e  o x id e ) i s  a l i q u id  o r wax a t  low  m o lecu la r 
w eig h t and a c r y s t a l l i n e  lo w -m e ltin g  p o in t  s o l i d  a t  h ig h e r  m o lecu la r 
w e ig h t. I t  i s  s o lu b le  i n  w a te r  and  many o th e r  s o lv e n ts .  PEO has a 
r e p e a t  u n i t

(-CH2-CH2- 0 - ) n

Low m o lecu la r w e ig h t PEO u s e d  in  t h i s  work, Breox 4000, was o b ta in e d
from BP C hem icals. I t  h as  a q u o ted  m o lec u la r w eig h t range o f 3500 

-1  -3to  4500 g . mole a d e n s i ty  o f  1 .0 7 2  g . cm a t  80°C and a r e f r a c t i v e
index  o f 1 .4 6  (o f  a low  m o le c u la r  w eigh t l i q u id  a n a lo g u e ).

O ther g ra d e s  o f PEO u s e d  were Carbowax M20 (BP Chem icals)
w ith  a q uo ted  m o le c u la r  w e ig h t o f 15,000 t d '2 0 , 0 0 0 ,g . mole and a
d e n s i ty  o f 1 .065  g . cm and  P o lyo x  WSEN 80 (Union C arb ide) w ith

_1a quo ted  m o le c u la r  w eig h t o f  200,000 g. mole .
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Phenoxy R es in  (P o ly h y d ro x y e th e r  o f B ispheno l A)
Phenoxy r e s in s  ( a l t e r n a t i v e l y  r e f e r r e d  to  as the po lyhydroxy- 

e th e r s  o f b isp h en o l A) a re  th e  co n d en sa tio n  r e a c t io n  p ro d u c ts  o f e p i -  
c h lo rh y d r in  w ith  b isp h e n o l A. The r e p e a t  u n i t  i s  :

Phenoxy r e s i n  was s u p p l ie d  b y  U nion C arbide (g rad e  PKHH). I t  had a
q uo ted  red u ced  v i s c o s i t y  o f  0 .4 3  d l / g  m easured as a  0 .2  g /l0 0  ml
s o lu t io n  in  t e t r a h y d r o f u r a n  a t  25°C, a s p e c i f i c  g r a v i ty  o f 1 .1 8 , a
r e f r a c t i v e  index  o f 1 .5 9 8 ,a  Tg o f 98°C, and a l in e a r ' therm al exp ansio n

-5c o e f f i c i e n t  o f 6 .1 2  x 10 a t  25°C. I t  has a q uo ted  number average
-1m o lec u la r w eig h t o f a p p ro x im a te ly  20- 25,000 g . mole

P o ly  (M ethyl A c r y la te )  (pMA) and. P o ly  (E th y l A c ry la te )  (PEA)

These were o b ta in e d  from  Polym er S c ience  I n c .  The polym ers 
came as 40$ w/w s o l id s  s o lu t io n s  i n  to lu e n e . In  a few b len d s the  
polym er was u sed  d i r e c t l y  i n  t h i s  form . In  o th e r  b le n d s , the  to lu en e  
was removed by e v a p o ra t io n  a t  70°C und er red u ced  p re s s u re .  F u r th e r  
rem oval o f to lu e n e  was c a r r i e d  o u t  i n  a vacuum oven a t  50°C and 1mm Hg 
u n t i l  a c o n s ta n t  w e ig h t was o b ta in e d .

P o ly  (B u ty l A c r y la te )
T his was s u p p l ie d  as a s o l i d  m a te r ia l  by a  co-w orker,

Mr C K Sham, who o b ta in e d  i t  from BDH, AR g rade  as a  40$ w/v  s o lu t io n  
in  to lu e n e . He had  e v a p o ra te d  i t  to  d ryness in  a la rg e  p e t r i  d ish  
and th en  d r ie d  in  a vacuum oven a t  1 mm Hg a t  50°C fo r  two weeks.
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P oly(M ethyl M e th a c ry la te )  (PMMA)
PMMA u sed  was o b ta in e d  in  head form from Polym er S cience  In c . 

I t  had a q uo ted  d e n s i ty  o f 1 .1 8  g cm and a r e f r a c t i v e  index  o f 
1 .4 9 .

P o ly (P ro p y len e  O xide)
P ro p y lan  D2002, h ad  a  q u o ted  m o lecu la r w eigh t o f 2000. I t  was 

o b ta in e d  from IC l .

P o ly (T e fra m e th y le n e  O xide)

Polymeg 1000 was s u p p l ie d  by th e  Chem icals D iv is io n , th e  
Quaker O ats Co Ltd. I t  h as  a q u o ted  hydroxyl number o f 110 .5  
in d ic a t in g  a m o le c u la r  w e ig h t o f 1000.

P o lyp h eny len e  O xide (PPO)
P o ly  (2 , 6 -  d im eth y l pheny lene  ox id e) had a q uo ted  v i s c o s i ty

o f 0 .5  d l /g ,  a Tg o f 207°C, a  s p e c i f i c  g r a v i ty  o f 1 .0 6  and c o e f f i c i e n t
-5  -1  -1o f therm al ex p ans io n  o f 5 .2  x 10 cm, cm °C. T h is was o b ta in e d  from GEC. 

P o ly cap ro lac to n e(P C L )
T his was o b ta in e d  from Polym er S cience  In c . I t  i s  p a r t i a l l y  

c r y s t a l l i n e  polym er w ith  m e l t in g  p o in t  o f ~60°C and a Tg o f -60°C .

P o ly (V in y l A c e ta te )  (PVA)
PVA u sed  was o b ta in e d  from  BDH Chem icals L td . I t  had a

m o lec u la r w eig h t o f 4 5 ,0 00 , a s o f te n in g  p o in t  106°C, a v i s c o s i ty  a t
8 .6  w eight/vo lum e p e r c e n t  s o lu t io n  in  benzene a t  20°C o f 6 -  8cp, a

-3d e n s i ty  o f I . I 9 g . cm , a  r e f r a c t i v e  ind ex  o f 1 .4 7 , and a Tg o f 28°C. 
B is-P h en o l A P o ly c a rb o n a te
T his was o b ta in e d  from Polym er S cience  In c .  I t  had a 

Tg o f 149°C, and a s p e c i f i c  g r a v i t y  o f 1 .2 .
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P o ly (V in y l M ethyl E th e r)  (FVME)
T h is was o b ta in e d  from  P o ly m er.S cience  In c .

P o ly (E th y le n e  A d ip a te )
I t  had  a m o le c u la r  w e ig h t o f  2000. I t  was o b ta in e d  from

-3I C I . I t  had a q u o ted  Tg o f  -50°C  and a d e n s i ty  o f 1 .183  g.cm .

3 .2  LOW MOLECULAR WEIGHT ANALOGUES

3 .21  T e tra g i  yme
T etrag lym e ( T e t r a e th y le n e  g ly c o l d im e th y le th e r)  was o b ta in e d

from BDH. T his was chosen  as  a low  m o lec u la r w eigh t analogue fo r
p o ly (e th y le n e  o x id e ) .  I t  h ad  a  m o le c u la r  fo rm ula , 0,_, a

-1q u o ted  m o lec u la r mass o f 222 .29  g .m ol , a b o i l in g  p o in t  o f 275«8°C,
- 3and a d e n s i ty  o f 1 .0132  g.cm  a t. 20°C.

3 .2 2  4-Phenoxy D ip h en y lsu lp h o n e  (PDS)^ ^
PDS ( C18 H14 S03) was u se d  as a low  m o lec u la r w eight analogue 

o f p o ly e th e r s u lp h o n e . T h is  was p re p a re d  in  two s ta g e s .  F i r s t  
4 -C h lo ro d ip h en y lsu lp h o n e  was p re p a re d  from b en zen e -su lp h o n y l c h lo r id e  
and ch lo ro b en zen e . T h is  was th e n  r e a c te d  w ith  phenol i n  d im ethyl 
su lp h o x id e  to  produce PDS.

A th re e -n e c k e d , ro u nd  bottom ed  f l a s k ,  equ ipped  w ith  a s t i r r e r ,  
n i t r o g e n  i n l e t ,  the rm om ete r, and con d en ser was charged  w ith  I 76.6  g .
( l  m ole) o f benzene su lp h o n y l c h lo r id e ,  140 g . (1 .2 4  m oles) o f c h lo ro ­
benzene and 4 .2  g . o f  f e r r i©  c h lo r id e  (an h y d ro u s) . The f l a s k  was 
h e a te d  in  an o i l  b a th  w h ile  s t i r r i n g  th e  c o n te n ts .  H y d ro ch lo ric  
a c id  (HC1) gas e v o lu t io n  s t a r t e d  a t  ab o u t 70°C. The tem p era tu re  was 
s lo w ly  r a i s e d  to  120°C as more HC1 gas was evo lved  and th en  m a in ta in ed  
a t  120°C f o r  16 h o u rs . The te m p e ra tu re  was th en  r a i s e d  to  140°C and
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m a in ta in e d  th e re  fo r  a f u r t h e r  one hour u n t i l  no more HG1 was ev o lv ed . 
The p ro d u c t was m ace ra ted  w ith  d i l u t e  HC1, f i l t e r e d ,  and washed su c c e s s ­
iv e ly  w ith  m e th a n o lic  p o ta ss iu m  h y d ro x id e , and w a te r . The p ro d u c t was 
th en  d i s t i l l e d  a t  app ro x im ate  lyl'-mm Hg vacuum to  g iv e  a c o lo u r le s s  
d i s t i l l a t e .  The p ro d u c t was th e n  tw ice r e c r y s t a l l i s e d  from e th a n o l ,  
f i l t e r e d  and washed w ith  e th a n o l .  I t  was a llo w ed  to  d ry  a t  4 5°C f o r  
16 h o u rs  in  a vacuum oven. The m e ltin g  p o in t  o f th e  re  c r y s t a l l i s e d  
4 -c h lo ro d ip h e n y lsu lp h o n e  was fo u nd  to  be 88°C ( c . f .  87 -  9 0 ° C )^ ^ .

I n  th e  second  s ta g e  sodium  hydrox ide  4 g . (0 .1  m ole) was 
f i r s t  d is s o lv e d  in  3 .5  cm^ o f  w a te r . This was added to  a th r e e ­
necked  f l a s k  fo llo w ed  by 9*^ g« ( 0 .1  m ole) o f p h en o l, 84 g . d im e th y l-  
su lp h o x id e  and 25 g . (0 .1  m ole) o f  4 -c h lo ro d i  phenyl su l phone. The
f l a s k  was th en  h e a te d  in  an o i l  b a th  to  120°C w ith  s t i r r i n g  u n d er a  
co n tin u o u s flo w  o f n i t r o g e n .  The tem p e ra tu re  was th en  m a in ta in e d  
a t  120°C f o r  21 h o u rs . The c o n te n ts  o f the  f l a s k  were coo led  and 
pou red  in to  ic e d  w ate r (a b o u t  1000 cn r) w ith  s t i r r i n g .  The p ro d u c t 
which p r e c i p i t a t e d  from s o lu t io n  was f i l t e r e d  o f f  and washed w ith  h o t  
w a te r . The p ro d u c t was th e n  re  c r y s t a l l i s e d  tw ice  from m ethanol, 
f i l t e r e d ,  washed w ith  c o ld  m e th an o l and d r ie d .  I t  was found to  
m e lt  a t  88°C compared to  a q u o ted  v a lu e  o f 89°C .^"^ E lem ental 
a n a ly s is  gave C-70 p e r c e n t  ( 69 .68) ,  H -  4 .4  p e rc e n t  (4 .5 1 ) ,
S -  1 0 .3  p e rc e n t  (1 0 .3 2 ) and  0 by d if fe re n c e  15*3 p e rc e n t which 
co rresp on ded  to  th e  (C^g 0^) fo rm ula  o f th e  p ro d u c t, PDS.

3 .2 3  Phenoxy Analogue
A low  m o le c u la r  w e ig h t ana log u e  o f phenoxy r e s in  was re q u ir e d  

f o r  th e  h e a t  o f m ix ing  m easu rem en ts . T his was p re p a re d  by r e a c t in g
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phenol w ith  the  d ig ly c id y l  e th e r  o f b isp h en o l A in  the p resen ce  o f a 
base c a t a l y s t  to  g iv e  a p ro d u c t  h av in g  the fo llo w in g  s t r u c tu r e  :

T h is was c o n s id e re d  to  be c lo s e  to  th e  r e p e a t  u n i t  o f phenoxy r e s i n .
The phenoxy analogue was p re p a re d  fo llo w in g  the  method g iven  in  re fe re n c e  
131, where in  p re sen ce  o f KOH c a t a l y s t  th e  epoxy groups e x c lu s iv e ly  r e a c t  
w ith  hydroxy l g roups o f p h e n o l.

A th re e -n e c k e d  ro u n d  bottom ed  f l a s k ,  equ ipped  w ith  a s t i r r e r ,  
n i t ro g e n  i n l e t ,  and therm om eter was charged  w ith  95 g . o f the  d ig ly c id y l  
e th e r  o f b isp h en o l A (E p ik o te  828, S h e ll  Chem icals L td ) ,  47 g . phenol 
and 0 .3 3  g« p o ta ss iu m  h y d ro x id e . T h is was h e a te d  on a steam  b a th  w ith  
slow  s t i r r i n g  u n d er n i t r o g e n .  The tem p e ra tu re  was m a in ta in e d  a t  
100°C fo r  20 h ou rs w ith  s t i r r i n g  u n d e r a con tin u ou s flo w  o f n i t r o g e n .  
A f te r  t h i s  tim e th e  p re se n c e  o f epoxy groups was checked fo r  by i n f r a -  
re d  sp e c tro sc o p y . The ab sen ce  o f  epoxy peaks a t  915 cm (1 0 .9 6 /* )  and 
845 cm ( 1 1 .6 ^ )  con firm ed  t h a t  th e  epoxy groups had re a c te d  w ith  the  
hydroxy groups o f th e  p h e n o l.
3 .3  PREPARATION OF BLENDS

There a re  th re e  m ain  m ethods o f p re p a r in g  homogeneous polym er 
b le n d s , by m ixing  in  th e  m e l t ,  by m ix in g  in  s o lu t io n  in  a common s o lv e n t  
fo llo w ed  by e v a p o ra tio n  o r p r e c i p i t a t i o n ,  and by i n - s i t u  p o ly m e risa tio n . 
M elt m ix ing  would have problem s o f  phase s e p a r a t io n  and therm al s t a b i l i t y  
on h e a t in g .  I n - s i t u  p o ly m e r is a t io n  has o n ly  been u sed  in  th e  p a s t  by 
th e  a d d i t io n  ? p o ly m e r is a tio n  o f doub le  bond compound in  the p re sen ce  
o f a n o th e r  polym er. M ixing  in  a common s o lv e n t  fo llo w ed  by e v a p o ra tio n
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o r p r e c i p i t a t i o n  i s  th e  commonest m ethod u sed  in  th e  p re p a ra t io n  o f 
b le n d s . In  t h i s  case two p h ase  s t r u c tu r e s  can be form ed when b len d s 
o f m is c ib le  polym ers a re  p re p a re d . A two phase re g io n  can e x i s t  in  the 
p o ly m e r/p o ly m e r/so lv e n t q u a s i  th r e e  component phase diagram which p ro du ces 
t h i s  e f f e c t .  I t  i s  t h e r e f o r e  n o t  s u r p r i s in g  to  see c o n f l i c t in g  evidence 
o f m i s c i b i l i t y  when d i f f e r e n t  s o lv e n ts  a re  u se d .

3. 31 P re p a r a t io n  o f PES/PEQ B lends
M elt m ix ing  would n o t  seem a p p ro p r ia te  fo r  PES/PEO b len d s  due

to  th e  h ig h  Tg o f PES, th e  p o o r th e rm al s t a b i l i t y  o f PEO and th e  known
phase s e p a r a t io n  on h e a t in g .  I n  th e  p a te n t  which had su g g es ted  t h a t

108homogeneous b len d s  co u ld  be p re p a re d  under some c o n d itio n s  , a m ixed 
s o lv e n t  system  was u se d . B ecause o f the  co m p lica tio n s  in v o lv ed  in  
c h a r a c te r is in g  and u n d e rs ta n d in g  a  m ixed s o lv e n t  system  m ost o f th e  
b len d s  were p re p a re d  u s in g  two s e p a r a te  s o lv e n ts  which were cap ab le  o f 
d is s o lv in g  b o th  po lym ers, cyclohexanone and dim ethylform am ide.

M ix tu res  in  cyclohexanone were p re p a re d  by d is s o lv in g  PES in  
cyclohexanone a t  80°C to  form  a 20 w/w p e r c e n t  s o lu t io n .  V ario u s  w eights 
o f PEO were added to  th e  s o lu t io n  and the  m ix tu re  s t i r r e d  fo r  10 m inutes 
a t  80°C. S o lu t io n s  p re p a re d  in  t h i s  way, w ith  a wide range o f com posi­
t io n s ,  were p u t  in to  g ra d u a te d  c y l in d e r s ,  s e a le d ,  and p la c e d  in  a  w a te r 
b a th  a t  95°C. Phase s e p a r a t io n  was o bserved  in  some o f the  s o lu t io n s .
The s e p a r a te  p h ases were a n a ly s e d  u s in g  NMR (220 MHZ) .

B lend co m p o sitio n s  were p re p a re d  by p o u rin g  the  s o lu t io n s  in to  
g la s s  p e t r i  d ish e s  and rem oving th e  s o lv e n t  by e v a p o ra tio n  in  a vacuum 
oven u n t i l  c o n s ta n t  w e ig h t was o b ta in e d . Some b len ds were p re p a re d  
by e v a p o ra tio n  a t  95°C and o th e r s  a t  70°C. The absence o f s o lv e n t  
was checked by i n f r a - r e d  s p e c tro s c o p y  by o b se rv in g  the  absence o f  th e



carbon y l a b s o rp t io n  band a t  ab o u t 1700 cm .
M ix tu res  in  d im e th y lf  ormamide ■ (DMF) were p re p a re d  by d i s ­

s o lv in g  PES a t  room te m p e ra tu re  to  form a 20 w/w p e rc e n t  s o lu t io n .
PEO (m o lecu la r w e ig h t 4000) was a ls o  d is s o lv e d  in  IMF to form a 
20 w/w p e rc e n t  s o lu t io n  by warming to  30°C and s t i r r i n g .  M ix tu res  
a t  v a r io u s  co m p o sitio n s  w ere p re p a re d  by m ixing th e  two s o lu t io n s .
A ll  m ix tu re s  were c l e a r .  B lends were p re p a re d  by e v a p o ra tio n  o f 
s o lv e n t  from th e  m ixed s o lu t io n s  i n  p e t r i  d ish e s  a t  50°C in  a 
vacuum oven. The sam ples w ere d r ie d  to  c o n s ta n t  w eigh t and i n f r a ­
re d  a n a ly s is  u sed  to  check th e  absence  o f  s o lv e n t .  B lends cou ld  a ls o  
be p re p a re d  by p r e c i p i t a t i n g  th e  s o lu t io n s  by s t i r r i n g  w hile  p o u rin g  
in to  p e tro leu m  e th e r  (60-80°C  b p ) . Samples cou ld  th en  be p re s s e d  to  
produce sam ples s u i t a b le  f o r  c h a r a c t e r i s a t i o n .

B lends up to  1 0 /9 0  PES/PEO com position  cou ld  a ls o  be p re p a re d  
by d is s o lv in g  PES in  m o lten  PEO (m o le c u la r  w eigh t 4000) a t  70°C by p ro ­
lo n g ed  s t i r r i n g  f o r  10 -  12 h o u rs .  These b len ds were u sed  f o r  m e ltin g  
p o in t  d e p re s s io n  s tu d ie s .

3 .3 2  P re p a ra t io n  o f PES/Phenoxy B lends
M ix tu res  in  IMF w ere p re p a re d  by d is s o lv in g  PES and phenoxy 

b o th  s e p a r a te ly  a t  room te m p e ra tu re  to  form 10$ w/w s o lu t io n s .  B lends 
o f v a r io u s  co m p o sitio n s w ere p re p a re d  by m ixing th e  two s o lu t io n s  i n  the 
d e s ir e d  p ro p o r t io n s .  A ll  m ixed  s o lu t io n s  were c le a r .  A pprox im ately  
25 m is o f th e  m ix tu re s  were p o u red  in to  p e t r i  d ish e s  and d r ie d  in  a 
vacuum oven a t  40°C. Sam ples were d r ie d  to  c o n s ta n t  w e ig h t. The 
absence o f s o lv e n t  was checked  by i n f r a - r e d  a n a ly s is .  F ilm s c o n ta in in g  
more th an  60 w/w p e rc e n t  phenoxy r e s in s  were s l i g h t l y  hazy , p o s s ib ly  
because o f a s o lv e n t  e f f e c t .  Due to  t h i s  h a z in e ss , b len ds o f PES and 
phenoxy r e s in s  were p re p a re d , in  th e  same way as above, in  d im ethyl
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su lp h o x id e  (DMSO) and N -m e th y l-2 -p y rro lid o n e  (NMP) as s o lv e n ts .
The absence o f s o lv e n t  was checked  by c o n s ta n t  w eig h t as i n f r a - r e d  
s p e c t r a  would have been d i f f i c u l t  to  r e s o lv e .  These b len ds were 
found to  be c le a r  a t  a l l  c o m p o s itio n s . B lends from DMSO were 
e v e n tu a l ly  u sed  in  a l l  th e  t e s t s .

3 .33  P re p a ra t io n  o f PES b le n d s  w ith  Polym ers o th e r  than.PEO
and Phenoxy R e s in s
In  g e n e ra l  po lym ers o th e r  than  PEO and phenoxy r e s in s  u sed  

in  t h i s  work were d is s o lv e d  in  d im ethylform am ide (DMF) to  g iv e  10 w/v

p e rc e n t  s o lu t io n .  B lend c o m p o sitio n s  o f 8 0 /2 0 , 50/50 and 20/80 PES/ 
polym er were p re p a re d  by m ix in g  a 10 w/v  p e r c e n t  PES s o lu t io n  w ith  a 
10 w/w p e r c e n t  s o lu t io n  o f th e  o th e r  polym er. The m ix tu re s  were then  
d r ie d  a t  40°C in  a vacuum oven as b e fo re . B lends were judged  as 
m is c ib le  i f  th e y  were o p t i c a l l y  c l e a r .  The r e s u l t s  o f polym ers 
exam ined in  t h i s  way a re  g iv e n  in  T able 3«1«

P o ly c a rb o n a te , p o ly e th y le n e te r e p h th a la te )  and po ly (ph eny lene  
oxide) (PPO) d id  n o t  d is s o lv e  in  IMF. P o ly c a rb o n a te  and poly( phenyl ene 
oxide) s o lu t io n s  in  ch lo ro fo rm  w ere m ixed w ith  a  10 w/w p e rc e n t  s o lu t io n  
o f PES in  ch lo ro fo rm . On m ix in g , th e se  s o lu t io n s  gave cloudy p r e c i p i t a t e s  
and hence th e  polym ers were c o n s id e re d  im m isc ib le . The m e lt m ix ing  o f 
th e se  polym ers was n o t  t r i e d  b ecau se  the  p ro c e s s in g  equipm ent ( r o l l  m il l)  
was n o t  s u i t a b le  f o r  h ig h  te m p e ra tu re  m ix in g .
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T able 3 .1  PES BLENDS WITH POLYMERS OTHER THAN PEO AND PHENOXY

O ther polym er u sed S o lv e n t O p tic a l C la r i ty
—

In fe re n c e

P oly (m eth y l a c r y la te ) IMF D ried  f i lm -  opaque im m isc ib le
P o ly (e th y l  a c r y la te ) IMF M ixture  s o lu t io n s  

c le a r
D ried  f i lm  -  opaque im m isc ib le

P o ly (m eth y l m e th a c ry la te ) DMF M ix ture  s o lu t io n s  
c le a r
D ried  f i lm  -  opaque im m isc ib le

P o ly (e th y le n e  a d ip a te ) DMF M ix ture  s o lu t io n s  
c le a r
D ried  f i lm  -  opaque im m isc ib le

P o lyp ro p y lene  o x id e ) IMF M ix ture  s o lu t io n s  
c le a r
D ried  f i lm  -  cloudy im m isc ib le

P o ly ( te tra m e th y le n e  g ly c o l) DMF M ix ture  s o lu t io n s  
c le a r
D ried  f i lm  -  cloudy im m isc ib le

P o ]y c a p ro la c to n e IMF M ix ture  s o lu t io n  
c le a r
D ried  f i lm  -  cloudy im m isc ib le

P o ly (v in y l  a c e ta te ) IMF M ix ture  s o lu t io n s  
cloudy
D ried  f i lm  -  cloudy im m isc ib le

P o ly (v in y l  m ethyl e th e r ) IMF S o lu tio n s  s l i g h t l y  
cloudy
D ried  f i lm  s e p a ra te s  
in  two la y e rs im m isc ib le

P o ly  phenylene oxide C hloro­
form

S o lu tio n s  and d r ie d  
f i lm  -  cloudy im m isc ib le

P o ly c a rb o n a te  o f b i s -  
phenol A

C hloro­
form

S o lu tio n s  and d r ie d  
f i lm  -  cloudy

!

im m isc ib le
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3 .4  METHODS OF ESTABLISHING MISCIBILITY AND CLOUD POINTS
There a re  many d i f f e r e n t  m ethods o f e s ta b l is h in g  th e  m is c i ­

b i l i t y  o f two polym ers, f o r  exam ple, by th e  p resen ce  o f a s in g le  g la s s  
t r a n s i t i o n ,  u s in g  m e c h a n ic a l , th e rm a l o r d i e l e c t r i c  m ethods, by the  
o b s e rv a t io n  o f o p t i c a l  c l a r i t y ,  by  v a r io u s  s c a t t e r i n g  m ethods o r by 
th e  d i r e c t  o b s e rv a t io n  o f th e  p h ase  s t r u c tu r e  u s in g  v i s i b l e  o r e le c t r o n  
m ic ro scop y . The same te c h iq u e s  can a ls o  be u sed  to  observe th e  phase 
s e p a r a t io n  w hich may tak e  p la c e  on h e a t in g .  A ll th e  methods can g ive  
m is le a d in g  in fo rm a tio n  in  some c a se s  and th e re fo re  more th an  one m ethod 
a re  u sed  to  confirm  th e  m i s c i b i l i t y  and phase s e p a ra t io n  phenomenon.

3 .41  O p tic a l  C la r i t y
F i r s t  th e  f i lm s  w ere a s s e s s e d  f o r  o p t i c a l  c l a r i t y .  T his i s  

th e  f i r s t  in d ic a t io n  o f m i s c i b i l i t y  b u t n o t  a  s u f f i c i e n t  p ro o f o f homo­
g e n e ity .

1323 .4 2  Dynamic M ech an ica l A n a ly s is
In  th e  g la s s y  s t a t e ,  l a r g e  s c a le  m o lec u la r m otion  i s  " f ro z e n -  

i n ” . A t th e  Tg, th e  o n s e t  o f m o le c u la r  m otion  c h a r a c t e r i s t i c  o f  th e  
ru b b e r s t a t e  b e g in s  to  ta k e  p la c e .  The m echan ical re sp o n ses  o f such 
long  ch a in  m o lecu le s  a re  v i s c o e l a s t i c .  They a re  tim e dependent and 
d e s c r ib e d  by s t r e s s - r e l a x a t i o n  and  c re e p . S t r e s s - r e l a x a t io n  i s  
d e f in e d  as th e  d ec re a se  i n  th e  fo rc e  ( s t r e s s )  r e q u ire d  to  s u s t a in  th e  
d e fo rm a tio n  u n d e r c o n s ta n t  s t r a i n .  Creep resp o nds to  p ro g re s s iv e  
in c re a s e  i n  s t r a i n  o v er a  lo n g  p e r io d  und er a c o n s ta n t  s t r e s s .

I f  a s in u s o id a l  s t r a i n  £ i s  a p p l ie d  to  a v i s c o e la s t i c  
m a te r ia l  a t  a freq u en cy  and  w ith  a sm all a m p litu d e , the  s t r e s s ,  
a ,  a ls o  v a r ie s  s i n u s o id a l ly  b u t  i s  o u t o f phase w ith  the  s t r a i n  by 

a phase an g le  5 ,  as shown in  F ig u re  3 -1 .
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F ig u re  3« i S chem atic  r e l a t i o n  betw een  v a r io u s  p a ram ete rs  in  dynamic 
m ech an ica l r e l a x a t io n  m easurem ents e0 i s the  in p u t  s t r a i n  
and <t0 th e  o u tp u t s t r e s s .

A phase la g  r e s u l t s  from th e  tim e n e c e s s a ry  fo r  m o lec u la r r e a r ra n g e ­
m ents which a re  a s s o c ia te d  w ith  th e  r e l a x a t io n .  The s t r e s s ,  <j , 
and s t r a i n ,  e * can be e x p re s se d  a s  fo llo w s :

O = (70 s in  (cot + ‘§ ) , e = €q s in  a r t  3 .1
where to i s  th e  a n g u la r  f req u en c y  and  5 i s  th e  phase a n g le , eo and 

Go r e p r e s e n t  maximum s t r e s s  and s t r a i n  r e s p e c t iv e ly .  Expanding c 
g iv e s  :

= ct0  s in  cot G-os 6 + actios s in  ^CT 3 .2
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Hence s t r e s s  can be r e s o lv e d  in to  two com ponents, O q  co s 5 which 
i s  in -p h a se  w ith  th e  s t r a i n  and i s  r e l a t e d  to  the  s to r e d  e l a s t i c  e n e rg y , 
and ct0 s in  5 ? which i s  o u t  o f p h a se . S ince  modulus i s  d e f in e d  as 
s t r e s s / s t r a i n ,  when th e s e  a r e  d iv id e d  by the  s t r a i n ,  th e  modulus can 
be s e p a ra te d  in to  in  phase ( r e a l )  and o u t o f phase (im ag in ary ) com­
p o n e n ts , i e  :

E* = —  cos § and  E" = 7-^ s in  6 3 .3c o  e 0 ;
c

where E* i s  th e  s to ra g e  m odulus and E" i s  th e  lo s s  m odulus. The lo s s  
o f energy  p e r  cy c le  o r damping in  th e  system , can be m easured from th e  
’’lo s s  ta n g e n t"  ta n  6 d e f in e d  as  :

ta n  6 E"
E*

A maximum in  ta n 5  m arks th e  o n s e t  o f main cha in  segm ental m o b il i ty  
co rre sp o n d in g  to  th e  g la s s  t r a n s i t i o n .

Dynamic m ech an ica l m easurem ents were u sed  to  confirm  the  
phase s t r u c tu r e  o f th e  b le n d s .  These were c a r r ie d  o u t u s in g  a 
R heovibron v is c o e la s to m e te r  (Model DDV-II, Toyo m easuring  In s tru m e n t 
Co L td ) .  A s t r i p  o f th e  sam ple (20 x 5 x 0 .3  mm) was s u b je c te d  to  
an im posed o s c i l l a t o r y  f re q u e n c y  o f  11 Hz. A tem p era tu re  ran ge  o f 
20 to  200°C was scanned  a t  a  2°C /m inu te  h e a t in g  r a t e .  A p lo t  o f 
lo s s  ta n g e n t 6 a g a in s t  te m p e ra tu re  was c o n s tru c te d .

5 .4

3 .4 3  D i f f e r e n t i a l  S cann ing  C a lo rim e try  (DSC)
The b len d s  were exam ined by d i f f e r e n t i a l  scann ing  c a lo r i ­

m etry  (P e rk in -E lm e r, DSC-l) i n  o rd e r  to  e s t a b l i s h  t h e i r  g la s s  t r a n s ­
i t i o n  (Tg) and m e ltin g  (Tm) te m p e ra tu re s .  Sample w eigh ts were abo u t 
10 mg. A n i t r o g e n  flo w  was m a in ta in e d  th ro u g h  the  sample chamber.
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An empty sample pan was u s e d  as a r e f e r e n c e .  The sam ples were scanned
from 50 to  550°C. The Tg was tak e n  to  be th e  p o in t  o f i n t e r s e c t i o n
o f th e  e x t r a p o la te d  low  te m p e ra tu re  base l in e  w ith  th e  l in e  o f maximum
slo p e  en co u n te red  d u rin g  th e  s h i f t .  Tm v a lu e s  were re c o rd e d  a t  the
b eg in n in g  o f th e  m e ltin g  c u rv e . C r y s t a l l i s a t i o n  p o in ts  o f th e  b len d s
c o n ta in in g  c r y s t a l l i n e  com ponents were d ete rm in ed  from the  b eg inn ing
o f th e  c r y s t a l l i s a t i o n  exo therm  o f th e  DSC cu rv e .

O ther m easurem ents were made u s in g  a Du P on t, 990 therm al
-1a n a ly s e r  w ith  a DSC c e l l  a t  a  s e n s i t i v i t y  o f 0 .2  m .c a l .s e c  and a h e a tin g  

o - 1r a t e  o f 10 C min . The h e a t  flo w  d if f e r e n c e  betw een ~ 10 mg. o f a  
sample in  an alum inium  pan and  s im i l a r  empty pan was re c o rd e d  as b e fo re .

3 .4 4  O p tic a l  M icroscopy
An o p t i c a l  m ic ro sco p e  (C a r l Z e is s ,  J e n a  L td) f i t t e d  w ith  a ho t 

s ta g e  was u se d  to  d e te rm in e  c lo u d  p o in ts  and s tu d y  th e  change in  phase 
s t r u c tu r e  on h e a t in g  and c o o l in g .  A h e a t in g  o r c o o lin g  r a t e  o f 2°C / 
m inute  was u se d .

A m icro scope  (Olympus BHB) was u sed  to  s tu d y  the m orphology 
o f a t h in  sam ple b e fo re  and a f t e r  th e  phase s e p a r a t io n .  The phase 
s e p a ra te d  sample was p re p a re d  by h e a t in g  above the  phase s e p a r a t io n  
tem p e ra tu re  p r i o r  to  q uench ing  in  l i q u id  n i t r o g e n .

3 .45  Electron M icroscopy
T his te c h n iq u e  and  i t s  a p p l ic a t io n  to  polym ers have been 

133 134d e s c r ib e d  by Rabek and C o l l in s  e t  a l  . G re a t  ca re  i s  needed  in  
th e  p re p a ra t io n  o f th e  specim en fo r  e le c t r o n  m icroscop y . An u l t r a ­
m icrotom e (iKB Sweden), was u se d . A g la s s  k n ife  was f r e s h ly  p re p a re d  
f o r  each  s e c t io n in g ,  u s in g  a  LKB k n ife -m a k e r. Most o f th e  s e c t io n s
f o r  t h i s  work were c u t a t  am b ien t tem p e ra tu re  as the  Tg o f th e  sam ples
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were above room te m p e ra tu re . U l t r a  th in  s e c t io n s  were made by s e t t i n g  
th e  specim en advance c o n tro l  to  700 -  1000°A which causes the  specim en 
m ounting arm to  e x ten d  by sm a ll  in c rem en ts  due to  r e s i s t a n c e  h e a t in g . 
S e c tio n s  were f l o a t e d  on w a te r  and  c o l le c te d  on a copper g r id .  The 
g r id s  were l e f t  to  d ry  b e fo re  p u t t in g  in  the  specim en chamber o f the 
m ic ro sco p e . A JEM, 100B, T ra n sm iss io n  E le c tro n  M icroscope w ith  3-5 A° 
r e s o lu t io n  was u sed  to  i n v e s t ig a t e  th e  s t r u c tu r e  o f th e  b len ds which 
were phase s e p a ra te d  above th e  c lo u d  p o in t  and c h i l l e d  in  l iq u id  
n i t r b g e n .  A few  s e c t io n s  o f th e  b len d s  which were n o t  phase 
s e p a ra te d  were a ls o  exam ined f o r  com parison.

3 .4 6  L ig h t  S c a t te r in g  T u rb id im e try
A t r a n s p a r e n t  homogeneous m ix tu re  can be b ro u g h t to  a c loudy

tu r b id  s t a t e  by a v a r i a t i o n  o f  th e  te m p e ra tu re , p re s s u re ,  o r com position.
o f th e  m ix tu re . The c lo u d  p o in t  corresp on ds to  t h i s  t r a n s i t i o n  p o in t  -
th e  p o in t  o f i n i t i a l  phase s e p a r a t io n .  The c loud  p o in t  i s  u s u a l ly

82 135 47m easured by l i g h t  s c a t t e r i n g  tu r b id im e try  • S te in  and O la b is i  
have d e s c r ib e d  th e  b a s is  o f  l i g h t  s c a t t e r i n g .

T u rb id i ty  m easurem ents have been u sed  in  s tu d y in g  th e  c lo u d
'T'z 82p o in t  curves o f  s o lu t io n s  by Cowie and S aek i^  , o f o ligom ers by Chong

and o f s o l i d  m ix tu re  by R e ich  and C o h en ^ ^ . A l i g h t  s c a t t e r in g
82in s tru m e n t s p e c i a l l y  d e s ig n e d  by Chong , has been u sed  fo r  th e  d e te r ­

m in a tio n  o f c lo u d  p o in ts .  The f i lm s  were su p p o rted  betw een two p ie c e s  
o f g la s s  in  a sample h o ld e r  lo c a te d  in  a th e r m o s ta t ic a l ly  c o n t r o l le d  
alum inium  b lo c k . L ig h t  from  a 12 v o l t  tu n g s te n  lamp was fo cu ssed  on 
to  the  sample and th e  i n t e n s i t y  o f  l i g h t  s c a t t e r e d  a t  45° was m easured 
u s in g  a p h o to d io d e . The te m p e ra tu re  o f the b lo c k  cou ld  be a l t e r e d  a t  
a c o n t r o l le d  r a t e .  A d a ta  lo g g e r  i s  u sed  to  tak e  re a d in g s  a t  p e r io d ic  
i n t e r v a l s  o f th e  tem p e ra tu re  and i n t e n s i t i e s .  A p l o t  o f s c a t t e r e d
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l i g h t  i n t e n s i t y  a g a in s t  te m p e ra tu re  was o b ta in e d . The tem p e ra tu re  
o f f i r s t  d e f le c t io n  from a s t r a i g h t  l in e  was tak en  as th e  c lo u d  p o in t  
te m p e ra tu re . The ex p e rim en t was re p e a te d  f o r  the whole range o f 
com po sitions to  o b ta in  th e  c lo u d  p o in t  cu rv e .

3 .5  METHODS OF STUDYING THE THERMODYNAMICS
3.51  H eats of M ixing

The h e a ts  o f m ix in g  o f v a r io u s  m ix tu re s  o f low m o lec u la r
w eigh t an a lo g u es  were m easu red  u s in g  a m o d if ie d  NBS b a tch  type c a l o r i -

82m e te r . The m ic ro c a lo r im e te r  i s  f u l l y  d e s c r ib e d  by Chong . The
_. iin s tru m e n t has an accu racy  o f  -  0 .0 2  J . g  as de te rm in ed  by an a c id -

base r e a c t io n ,  how ever, th e  v i s c o s i t y  o f th e  ana logues u sed  in  t h i s
work made m ix ing  d i f f i c u l t  and  i t  i s  e s t im a te d  t h a t  an e r r o r  o f 
+ -1-  0 .1  J . g  may be more a p p r o p r ia te .  The m achine was c a l ib r a te d  e l e c t r i c ­
a l l y  u s in g  a 100 ohm r e s i s t o r  immersed in  a 50/50 w/^ $ m ix tu re  o f  the  
system  u n der i n v e s t ig a t i o n .  The s t a b i l i t y  o f  the tem p e ra tu re  o f the  
in s tru m e n t was w ith in  0 .0 0 l° C . The t o t a l  w eig h t o f the  two components 
which were m ixed was ab o u t 1 .5  gram s. The sam ples were k e p t  a t  th e  
tem p e ra tu re  o f th e  e x p e rim en t f o r  a t  l e a s t  3 hou rs b e fo re  s t a r t i n g  
m ix in g . The h e a ts  o f m ix in g  o f  each  m ix tu re  were m easured a t  l e a s t  
th r e e  tim es and an av erage  ta k e n . Because o f  th e  h ig h  m e ltin g  p o in t  
(89°C) o f  one o f th e  a n a lo g u es  (PDS) and the  l im i t a t io n s  o f th e  m ic ro ­
c a lo r im e te r ,  th e  h e a t  o f m ix in g  m easurem ents were p o s s ib le  o n ly  a t  one 
te m p e ra tu re , 90°C.

H eats o f m ix ing  o f  4 -phenoxyd ipheny l sulphone (PDS) an analogue 
o f PES w ith  fcetraglym e, an an a lo g u e  o f PE0 and w ith  a phenoxy r e s i n  
analogue, were m easured  in  t h i s  work. The phenoxy r e s i n  analogue was 
v e ry  v is c o u s  and th e r e f o r e  e r r o r s  in  th e  h e a t  o f m ixing m easurem ents 
may be even l a r g e r  t h a n - 0 . 1  J  g in  t h i s  c a se .
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3 .52  M e ltin g  P o in t  D e p re ss io n
The c r y s t a l l i s a t i o n  and m e ltin g  o f PEO in  the  PES:PE0 b len d s 

were s tu d ie d  by DSC (P e rk in  E lm er Model l )  and by l i g h t  s c a t t e r i n g  
tu rb id im e try .  Both o f th e  te c h n iq u e s , in  bo th  h e a t in g  and c o o lin g , 
have problem s in  d e te rm in in g  th e  e q u il ib r iu m  thermodynamic m e ltin g  
p o in t .  I n  a DSC d e te rm in a t io n ,  sam ples were h e a te d  a t  l e a s t  10°C 
above th e  m e ltin g  endotherm  and k e p t  a t  t h i s  tem p era tu re  fo r  15 minu­
te s  b e fo re  c o o lin g . The sam ples, were coo led  a t  th e  minimum r a t e  
a v a i la b le  on th e  in s t ru m e n t,  ( l .K  min ) .  The b eg in n in g  of. th e  cry ­
s t a l l i s a t i o n  exotherm  was. ta k e n  a s  th e  c r y s t a l l i s a t i o n  p o in t .

In  l i g h t  s c a t t e r i n g  tu r b id im e try ,  a f i lm  o f th e  PES/PEO b le n d  
was p u t  betw een g la s s  p l a t e s  a s  d e s c r ib e d  e a r l i e r  in  s e c t io n  3 .4 6 . The 
sam ples were h e a te d  o r c o o led  a t  a  r a t e  o f 0 .1  K p e r m in u te . The change 
in  i n t e n s i t y  o f  l i g h t  was p l o t t e d  a g a in s t  te m p e ra tu re . The tem p e ra tu re  
o f f i r s t  d e f le c t io n  from s t r a i g h t  l i n e  d u rin g  h e a t in g  o r c o o lin g  was 
tak en  as  th e  m e ltin g  o r c r y s t a l l i s a t i o n  p o in t .  Because o f th e  slow er 
r a t e  o f  tem p e ra tu re  change tu r b id im e t r y  i s  p r e f e r r e d .  The PES/PEO 
system  p rodu ces la r g e  s c a le  h e t r o g e n i ty  and a v e ry  sh arp  in c re a s e  in  
t u r b i d i t y  on co o lin g  in to  th e  c r y s t a l l i n e  re g io n . The a c tu a l  m e ltin g  
p o in ts  and c r y s t a l l i s a t i o n  p o in ts  v a ry  m arkedly  w ith  th e  m ethod of 
m easurem ent and th e  r a t e  o f  te m p e ra tu re  change, b u t the  m e ltin g  p o in t  
d e p re s s io n s  do n o t  v a ry  v e ry  much and a re  w ith in  ex p e rim en ta l e r r o r  
(w hich i s  q u i te  la r g e )  in  m o st c a s e s .
3 .5 3  D e n s ity  M easurem ents

The d e n s i t i e s  o f  th e  low  m o lec u la r ana log u es o f PES and 
phenoxy r e s in s  and o f low m o le c u la r  w eig h t PEO 4000, were m easured 
u s in g  a pycnom eter. A ll  th e  d e n s i ty  m easurem ents were done a t  h ig h
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te m p e ra tu re s , The d e n s i ty  o f  PEO 4000 was dete rm in ed  a t  60 and 80°C, 
t h a t  o f PD3 a t  100°C, t h a t  o f te tra g ly m e  a t  90°C and t h a t  o f th e  phenoxy 
analogue a t  70°C and 99°C. H igh te m p e ra tu re s  were n e c e s sa ry  because
th e  m e ltin g  p o in t  o f PDS was 89°C, t h a t  o f PEO abou t 56° C and because 
th e  phenoxy analogue was v e r y  v is c o u s  a t  am bient te m p e ra tu re s .

3 .6  SORPTION OF WATER VAPOUR
108

As m en tioned  e a r l i e r  i t  h as  been su g g es ted  th a t  a t  c e r t a in  
co m po sitio n s (80 /20  and 9 0 /1 0  PES/PEO) b len d s  o f PES w ith  PEO ab so rb  
l e s s  w a te r th an  pure  PES. These m easurem ents were done by so ak ing  
th in  f i lm s  o f b le n d s  in  w a te r .  A ccu ra te  m easurem ents o f w a te r vapour 
s o rp t io n  in  PES/PEO b le n d s  w ere , t h e r e f o r e ,  r e q u ire d .

When th e  u p tak e  o f  p e n e t r a n t  i s  g r e a te r  than  0 .2 ^  o f th e  dry
I37w eig h t o f the  polym er, a q u a r tz  s p i r a l  b a lan ce  o f the  McBain and Bakr 

type can be u se d . The w ork ing  p r i n c i p l e  i s  s im p le . The u p tak e  o f the 
vapour i s  m easured  by th e  e x te n s io n  o f th e  sp r in g  which i s  m easured  by 
a c a th e to m e te r . The a p p a ra tu s  i s  i l l u s t r a t e d  in  F ig u re  3»S. A th in  
s h e e t  o f sample (P) was su sp en d ed , by a sm all p ie c e  o f copper w ire , from 
th e  q u a r tz  s p i r a l  (S) (T herm al S y n d ic a te  L td ) .  The s p i r a l  was suspended 
in s id e  a v e r t i c a l ,  c y l i n d r i c a l  g la s s  envelope (C) immersed in  a  w ate r 
b a th  (w) which was th e rm o s ta te d  to  io.05°C. The b a th  had  two p la te  
g la s s  s id e s  so t h a t  th e  s p r in g  e x te n s io n  cou ld  be m easured u s in g  a 
c a th e to m e te r . The s p r in g  was c a l i b r a t e d  a t  a tm o sp h eric  p re s s u re  
u s in g  known w e ig h ts .

The vapour p r e s s u r e  i n  th e  system  was m easured w ith  a  s t r a i n -  
gauge p re s s u re  t r a n s d u c e r  (T) (0 -  15 p s i  a b s o lu te ,  o b ta in e d  from B ell 
and Howell L td ) ,  o p e ra te d  from  a s t a b le  10 v o l t s  DC su p p ly . The 
v o lta g e  s ig n a l  from th e  t r a n s d u c e r  was m easured by a 
s e n s i t i v e  p o te n tio m e te r  and  was d i r e c t l y  p ro p o r t io n a l  to
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F ig u re  3» 2 The s o r p t io n  a p p a ra tu s  fo r  r e l a t i v e l y  la rg e  u p tak es  
o f v ap o u r.
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th e  a p p l ie d  p r e s s u r e .  The t r a n s d u c e r  was c a l ib r a te d  a g a in s t  a m ercu ry  
m anom eter. The p r e s s u r e s  w ere m easured  to  w ith in  abou t * 0 .0 2  cm.Hg,

A th ree -w ay  ta p  (Tj.) con n ec ted  the  b a lan ce  system  e i t h e r  to  
th e  hyvac lin e  v ia  (T^) o r  to  a l i q u i d  r e s e r v o i r  (f t) . The g la s s  
tu b in g  co n n ec tin g  (R) w ith  (w) and (T) w ith  (w) was ja c k e te d  w ith  
h e a t in g  tap e  to  p re v e n t c o n d e n sa tio n  o f v ap o u r.

The e s s e n t i a l  f e a tu r e s  o f  th e  pumping system  a re  shown in  
F ig u re  3» 3. A one s ta g e  m ercu ry  d i f f u s io n  pump (b ) backed by an
Edwards tw o -s ta g e  r o t a r y  o i l  pump (A) p roduced  an u lt im a te  vacuum

- 6o f abo u t 10 mm. Hg. An Edwards P i r a n i  gauge was a t ta c h e d  to  the  
"h^vac" l i n e  as a check on l e a k  and  o u tg a ss in g  r a t e s .

D i s t i l l e d  w a te r was in tro d u c e d  in to  a  p e a r  shaped  f l a s k  and 
connec ted  to  vacuum fo r  a  s h o r t  w h ile  to  ev acu a te  a i r  from th e  sy stem . 
The w ate r was th e n  f ro z e n  s lo w ly  w ith  l i q u id  n i t ro g e n  and th e  f ro z e n  
ic e  pumped f o r  ab o u t an h o u r u n t i l  m ost o f th e  tra p p e d  a i r  had been 
rem oved. The ic e  was f i n a l l y  a llo w e d  to  thaw , b ein g  o c c a s io n a lly  
con n ec ted  to  vacuum to  remove any a i r  r e le a s e d .  The p ro ced u re  was 
re p e a te d  fo u r  o r f iv e  tim es  and  t h i s  was c o n s id e re d  s u f f i c i e n t  to  
remove a l l  th e  a i r  p r e s e n t .

The system  was o u tg a s s e d  u n t i l  the  le n g th  o f th e  q u a r tz
„ -5s p r in g  was c o n s ta n t ;  a  vacuum o f -1 0  mm.Hg was o b ta in e d  and th e re  

was no drop in  vacuum a f t e r  c lo s in g  th e  system . A f te r  therm al 
e q u il ib r iu m  was e s t a b l i s h e d  a t  th e  r e q u ir e d  tem pera tu re , th e  i n i t i a l  
le n g th  o f th e  s p r in g  and th e  t r a n s d u c e r  o u tp u t were d e te rm in ed . A 
sm all amount o f w ate r v ap o u r was th e n  in tro d u c e d  to  the  polym er b len d  
sample and s p r in g  s e c t io n  by m o m en ta rily  opening  th e  th ree -w ay  v a lv e .
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F ig u re  3 .3  The pumping sy stem  f o r  the  s o rp t io n  a p p a ra tu s .
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The in c re a s e  o f th e  le n g th  o f  s p r in g  was m easured a t  one m inute i n t e r ­
v a ls  fo r  up to  30 m in u tes  and  th en  every  h o u r. The sample was th en  
l e f t  to  e q u i l i b r a t e . ’. A c o n s ta n t  le n g th  o f sp r in g  and a c o n s ta n t  re a d in g  
o f the  p re s s u re  t r a n s d u c e r  i n d i c a t e d  t h a t  e q u ilib r iu m  had been a t t a i n e d .  
F u r th e r  charges o f vapour w ere a d m itte d  and the  p rocedure  re p e a te d .

The p e rc e n t  s o r p t io n  was c a lc u la te d  from the e x te n s io n  of 
the  s p r in g  a t  each  vapour p r e s s u r e  from :

m , . Ahx 100 „ p-% s o r p t io n  = K x w 3-5

where Ah i s  th e  e x te n s io n  o f  th e  s p r in g  in  cm,K i s  the  s e n s i t i v i t y
_1o f th e  sp r in g  in  cm g and W i s  th e  i n i t i a l  w eig h t o f the sample in  g.

The amount o f w a te r  v ap o u r abso rbed  i s  a ls o  c a lc u la te d  from 
th e  e x te n s io n  o f the  s p r in g  u s in g

n -  ^ x  2 .2 4  x 10^
^ "  K x M

where Q i s  th e  amount o f w a te r  v ap o u r so rb ed  in  cc (STP) and M
i s  th e  m o lec u la r w e ig h t o f w a te r .  . The c o r r e c t io n  fo r  buoyancy b e in g  
n e g l ig ib le  i s  n o t  tak en  i n t o  a c c o u n t.

The c o n c e n tra t io n  C (c c  (STP) cu r) o f so rb ed  w ate r was 
o b ta in e d  from C = Q/V

3where V i s  volume o f polym er sam ples in  cm .
_ < T  __-ĴThe s o l u b i l i t y  c o e f f i c i e n t ,  a ( cc (STP) cnr (cm Hg) )

Cwas g iv en  by a  = —

3 . 6

3 .7

3 .8

where p i s  th e  su rro u n d in g  v ap o u r p re s s u re s  in  cm Hg.
The s p i r a l  e x te n s io n s  Ê _ (cm) a t  tim e t  ( s e c s )  were c a lc u la te d  and 
E t  2vp lo t t e d  a g a in s t  ( - — =)for s o r p t io n ,  where 1 (cm) was th e  sample 
th ic k n e s s  m easured  w ith  a  m ic ro m e te r and E« (cm) th e  e q u ilib r iu m
e x te n s io n .
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-  t  2The mean d i f f u s io n  c o e f f i c i e n t s  D ( cm
138’ h a l f  t im e ’ e x p re s s io n  :

were o b ta in e d  from the

,04 9  1
H/

The p e rm e a b i l i ty  c o e f f i c i e n t  P, th e  amount o f p e n e tr a n t  (w a te r 
vapour) p a s s in g  th rou gh  th e  membrane o f u n i t  a re a  and u n i t  th ic k ­
n ess  und er u n i t  p re s s u re  d i f f e r e n c e ,  i s  c a lc u la te d  from the  d i f ­
fu s io n  and s o l u b i l i t y  c o e f f i c i e n t s .

P = Dor 3 .10
The e r r o r  in  s e n s i t i v i t y  o f  th e  s p r in g  was w ith in  * 1 p e rc e n t.  The 
l a r g e s t  e r r o r s  were in  th e  p re s s u re  m easurem ents. T his was due to  
th e  s e n s i t i v i t y  o f th e  p r e s s u r e  t r a n s d u c e r  u sed  in  t h i s  work (0 -  
15 p s i )  and th e  te m p e ra tu re  o f  m easurem ents. M ost o f the  m easure­
m ents were done a t  30°C and  a t  t h i s  tem p e ra tu re  th e  maximum 
s a tu r a t io n  vapo ur p re s s u re  o f w a te r  i s  ap p ro x im a te ly  3cm. T here­
fo re  w ith  th e  t ra n s d u c e r  u s e d  th e  e r r o r s  even a t  s a tu r a t io n  
vapour p re s s u re  cou ld  be 7 -  8 p e r c e n t .  A t low er p re s s u re ,  the  
e r r o r s  a re  much h ig h e r .  The e r r o r s  in v o lv e d  in  w eighing o f the  
sam ples and th ro u g h  f l u c t u a t i o n  o f  tem p era tu re  were c o n s id e red  as 
n e g l ig i b l e .
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CHAPTER 4

RESULTS AND INTERPRETATION

4 .1  BLEND PREPARATION
108In  the  l i t e r a t u r e  i t  was re p o r te d  t h a t  a  m ix tu re  o f N- 

m e th y l-2 -p y rro lid o n e  (NM P)/di ch i o r  ome thane was used  f o r  d is s o lv in g  
PES/PEO b le n d s . In  t h i s  work we p r e f e r r e d  to  use s in g le  component 
s o lv e n ts  because o f th e  c o m p lic a tio n s  in v o lv e d  in  c h a r a c te r is in g  
and u n d e rs ta n d in g  a m ixed s o lv e n t  system . In  the e a r ly  s ta g e s  o f th is  
work PES and PEO were s e p a r a t e ly  d is s o lv e d  in  d i chi o r ome th a n e . Both 
the  polym ers gave c le a r  s o l u t io n s .  When th e se  s o lu t io n s  were mixed 
to g e th e r  a w hite  p r e c i p i t a t e  form ed. T his im p lied  t h a t  the 
a f f i n i t y  o f th e  s o lv e n t  f o r  th e  two polym ers i s  n o t  th e  same or 
t h a t  polym er-polym er a f f i n i t y  i s  g r e a te r  th an  p o ly m e r-so lv e n t 
a f f i n i t y .  T his e f f e c t  w i l l  be d is c u s s e d  f u r th e r  in  C hapter 5.
R e s u lts  s im i la r  to  th o se  o b ta in e d  u s in g  d ich io rom ethane  were 
o b ta in e d  when o th e r  c h lo r in a te d  s o lv e n ts  which d is s o lv e d  b o th  
th e  polym ers such as 1 ,1 ,2  t r i  ch i o r oe than e  and ch lo roform  were 
u se d . I t  was found t h a t  PEO was n o t  s o lu b le  in  N -m ethy l-2 - 
p y r ro lid o n e  th e re fo re  t h i s  co u ld  n o t  be u se d . The two s in g le  
component s o lv e n ts  DMF and cyclohexanone which d is s o lv e d  b o th  
PES and PEO and d id  n o t  cause  phase s e p a ra t io n ,  were u sed  fo r  t h i s  
work.

4 .11  Polym er-Polym er S o lv e n t M ix tu res

When cyclohexanone was u sed  as a common s o lv e n t ,  a l l  th e  
th re e  component m ix tu re s  p re p a re d  a t  80°C, were c le a r .  Many of



91

the  s o lu t io n s ,  however, s e p a r a te d  on h e a tin g  to  betw een 82 and
135°C. C lea r s o lu t io n s  i n  cyclohexanone were h e a te d  a t  95°C
fo r  100 hours in  s e a le d  g ra d u a te d  tu b e s , the  la y e r s  s e p a ra te d
and the  com p o sitio ns o f th e  s e p a r a te d  phases a n a ly sed  a t  100°C
by NMR (220 MHz) by m easu rin g  th e  peak a re a s  f o r  the  m ix tu re s .
PES peaks ap p ea red  a t  7 .9  ~ 8 .2  and 8 .7  -  8 .9  5, PEO a t  4 .3  -
4 .4  <5 and cyclohexanone a t  2 .3  -  2 .7  and 3 -  3*255. C om positions
were c a lc u la te d  as fo llo w s

Peak a re a  due to  t o t a l  FES peaks x m o lecu la r, w eight x = .........  o f  ..the PES r e p e a t  u n i t
number o f p ro to n s

x = Peak a re a  o f t o t a l  PES peaks x 232
8

y  = Peak a re a  PEO p eak s % kk

z = Peak a re a  o f t o t a l  cyclohexanone ppaks^ x 98
10

. *. w eig h t p e rc e n t  o f PES i n  th e  m ix tu re  = ---------------  x 100X 4" y  4" z

The p e rce n ta g e  co m p o sitio n  o f PEO and cyclohexanone were 
o b ta in e d  in  th e  same way a s  f o r  PES. T y p ica l NMR sp e c tro g ra p h  
o b ta in e d  f o r  a sam ple o f 3 2 /1 1 /5 7  PES/PE0/cyclohexanone i s  shown in  
F ig u re  4 .1 .  The phase co m p o sitio n s  thu s found a re  g iv en  in  Table 
4 .1 .  and th e  r e s u l t a n t  th r e e  component phase diagram  i s  shown in  
F ig u re  4 .2 .  C om positions o u ts id e  th e  two phase re g io n  rem ained 
c le a r .

O ther te m p e ra tu re s  and s o lv e n ts  were n o t  s tu d ie d  in  
such d e t a i l ,  b u t  a few o b s e rv a t io n s  were made. S o lu tio n s  in  
DMF were a l l  homogeneous a t  50°C as u sed  in  p re p a r in g  b le n d s . 
C om positions o f tyo/lO t6  l0 /9 0  w /w p e rc e n t  PES/PE0 in  IMF showed phase
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i--------------------------------------- 1---------------------------------------1---------------------------------------> j --------------------------------------- - i________ t__________________________i__________________________,
<5 9 «V5 8 7 .5 -  4 o  4* '3 2 .3  2

F ig u re  4 .1  T y p ica l NMR s p e c t r a  fo r  a 32 /11 /57  (w eigh t r a t i o )  
PES/PEO/Cyclohexanone b len d  a t  100°G. j 220 MHz.



O rig in a l
I n i t i a l
PES/PEO

PES/PEO S o ln . in  
Cy c l ohexanone C om position o f Phase I Com position o f Phase I I

PES PEO
Cyclo­

hexanone PES PEO
C yclo­

hexanone
PES/
PEO PES PEO

Cyclo­
hexanone

PES/
PEO

9 3 .7 5 : 6 .25 2 4 .2 1 .6 7 4 .2 — — — — — — • — —
83 :17 23.5 4.75 71.75 - - ■ - — — — — —
75 :25 22.80 7 .60 69.6 - NO SEPARATION - - - - -
71 :29 22.40 9 .0 68 .6 - - - - - - - -
65 :35 21.76 11.76 66.48 13 16 71 45/55 31.8 9 .4 58.5 77/33
62 :38 21.46 13.00 65.54 12 18 .2 69.8 39/61 27.5 9 .8 62.7 74/26
55 :4  5 20 .7 17.3 62.00 14.1 20 .7 65.2 41/59 32 9 59 7 8 /2 2
50 :50 21.25 21.25 57 .5 8 .2 27 .3 64 .5 23/77 35.6 12 .2 52.2 75/25
4 5 .4 :5 4 .6 19 22 .8 5 8 .2 8 .0 27.0 65 23/77 39.5 10 .5 50 .0 79/21
40 :6o 19.43 28.57 52.0 6 .9 34.7 58 .4 16/84 45 .6 14 .0 40 .4 76/24
25 :75 15.0 44 .5 40 .5 6 .5 49 44.5 12/88 53.0 15 .0 32.0 78/22
15 :85 8 .8 51.7 39.5 4 .7 54.3 41.0 • 8/92 31.0 39.5 29 .5 45/55

5 :95 4 .0 76.0 20.0 3 .4 80 16 .6 4/96 33 .3 58 .4 8 .3 36/65

Table 4 .1  C om position o f S e p a ra te d  Phases;, a t ,  95^0.
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s e p a r a t io n  in  th e  te m p e ra tu re  ran ge  o f 70 to  150°C. T his
108confirm ed  p re v io u s  o b s e r v a t io n s  . S o lu tio n s  in  mixed 

N M P/dichiorom ethane (7 5 :2 5  to  40:60) a t  90/10 to  10/90
PES/PEO co m p o sitio n s a ls o  showed phase s e p a ra t io n  betw een 80 
to  150°C. T h is e x p la in s  th e  two phase s t r u c tu r e  o f many b len ds 
p re p a re d  from th e se  s o lv e n ts  and shows phase s e p a r a t io n  on h e a t in g  
to  be a common f e a tu r e  o f th e s e  s o lu t io n s .  A reas o f im m is c ib i l i ty  
w ith in  th re e  component sy stem s a re  n o t  uncommon. They have been

139observed  f o r  polym ers d is s o lv e d  i n  mixed s o lv e n ts  and fo r  mixed
140polym ers w ith  one c o - s o lv e n t  ' . Such s tu d ie s  were n o t  c a r r ie d

o u t on the  PES/Phenoxy / s o l v e n t  s o lu t io n s .

4 .1 2  P olym er/P olym er M i s c i b i l i t y
A 83/17  PES/PEO m ix tu re  when d is s o lv e d  in  cyclohexanone 

(2 8 .2 5  w/w p e r c e n t  s o l id s )  was in s id e  the  one phase re g io n  o f the  
phase d iagram  in  F ig u re  4 .2 .  I t  gave a c le a r  f i lm  on d ry in g . A . 
m ix tu re  o f 50 /50  PES/PEO d is s o lv e d  in  cyclohexanone (4 2 .5  w/w p e r­
c e n t s o l id s )  was w ith in  th e  two phase  re g io n . I t  gave a cloudy 
f i lm  on d ry in g . The s o lu t io n s  w hich phase s e p a ra te d  from the 
50/50 PES/PEO s o lu t io n  above had  7 5 /25  and 23/77 PES/PEO c o m p o sitio n s . 
The 75/25  s o lu t io n ,  when s e p a r a te d ,  p roduced  a c le a r  f i lm  on evap­
o r a t io n  o f th e  s o lv e n t .  The 2 3 /7 7  PES/PEO s o lu t io n ,  however, gave 
a c loudy f i lm  (even  a t  th e  m e l t in g  tem p era tu re  o f PE0). One can 
see t h a t  t h i s  would have to  p a ss  th rou gh  o th e r  p a r t s  o f the  two 
phase re g io n  to  re a c h  th e  PES/PEO a x i s .  S im ila r  b eh av io u r was 
observed  a t  o th e r  co m p o sitio n s  o f  th e  phase d iagram  in  F ig u re  4 .2



CYCLOHEXANONE

F ig u re  4 .2  The th r e e  component phase diagram  fo r  m ix tu re s  
o f cyc loh exan on e , p o ly e th e rsu lp h o n e  (PES) and 
p o ly (e th y le n e  ox ide) (PEO) a t  95 C showing the  
tw o-phase re g io n  and t i e  l i n e s .
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By u s in g  th e  s o lu t io n s  ’’u nd er"  the two phase re g io n  i t  
was p o s s ib le  to  p re p a re  c l e a r  f i lm s  over a wide range o f com po sitio n s . 
The b in a ry  m ix tu re s  o f P E S /cyclohexanone and PEO/cyclohexanone d id  
n o t  phase s e p a ra te  on h e a t in g  a s  w ould be exp ec ted  from the  phase 
diagram  in  F ig u re  4 .2 .

I t  was found  t h a t  up to  10 w eigh t p e rc e n t  PES cou ld  be 
d is s o lv e d  in  PEO a t  4000 m o le c u la r  w eig h t in  the  absence of any 
s o lv e n ts  by co n tin u o u s p ro lo n g e d  s t i r r i n g  a t  70°C to  produce c le a r  
s o lu t io n s .  T h is m ix tu re  was fo u nd  to  phase s e p a ra te  on h e a tin g  as 
d e s c r ib e d  l a t e r .  I t  i s  t h e o r e t i c a l l y  p o s s ib le  to  o b ta in  homogeneous 
m ix tu re s  o f h ig h e r  p e rc e n ta g e  o f  PES in  PEO a t  70°C b u t the  h igh  
v i s c o s i ty  o f PES makes i t  p r o g r e s s iv e ly  more d i f f i c u l t  and th e re  
i s  an obvious l i m i t  as one re a c h e s  the  Tg o f th e  m ix tu re .

C lea r f i lm s  were a ls o  p re p a re d  from dim ethylform am ide 
(IMF) s o lu t io n s .  M ix tu re s  o f PES/PEO from 90:10 to  10:90 composi­
t io n  a t  20 w eig h t p e r c e n t  s o l i d s ,  were d r ie d  in  p e t r i  d ish e s  a t  
50°C in  a vacuum oven f o r  two to  fo u r  weeks. The absence o f DMF 
was checked by i n f r a - r e d  a n a ly s i s  (no peak a t  1667pm ). C om positions 
c o n ta in in g  more th an  40 p e r c e n t  PEO in  the  b le n d  became opaque a t  
room te m p e ra tu re , p o s s ib ly  due to  c r y s t a l l i s a t i o n  o f PEO from the 
b le n d . However, th e y  were v e ry  c le a r  when m a in ta in e d  above the  
PEO m e ltin g  p o in t .

PES/phenoxy b le n d s  p re p a re d  by s o lv e n t  c a s t in g  from 
10 w eigh t p e rc e n t  s o l id s  i n  d im eth y l su lp h o x id e  (DMS0) and d ry in g  
in  a vacuum oven a t  40°C gave c le a r  f i lm s  over the  e n t i r e  composi­
t io n  ra n g e . The absence o f s o lv e n t  from f i lm s  was checked by 
d ry in g  to  a c o n s ta n t  w e ig h t as  i n f r a - r e d  f re q u e n c ie s  o f EMS0 were 
v e ry  c lo se  to  PES and th e r e f o r e  d i f f i c u l t  to  d e te c t .  S im ila r ly ,
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b len d  f ilm s  p re p a re d  from N -m ethy l p y rro lid o n e  were a ls o  c le a r  a t  
a l l  c o m p o sitio n s . PES/phenoxy b len d s  when c a s t  from IMF a t  10 
w eigh t p e rc e n t  s o l i d s ,  how ever, on d ry in g  were found to  g ive hazy 
f i lm s  a t  co m po sitio n s c o n ta in in g  g r e a te r  th an  60 w eigh t p e rc e n t 
phenoxy r e s i n  in  th e  b le n d . These d if f e r e n c e s  may be due to  the 
d if f e r e n c e s  in  th e  s o l u b i l i t y  o f th e  component polym ers in  d i f f e r ­
e n t  s o lv e n ts .

B lends o f o th e r  p o ly m ers w ith  PES from EMSO or IMF 
s o lv e n ts  were i n v e s t ig a te d  and were found to  g iv e  opaque film s  
on d ry in g . The r e s u l t s  o f  v i s u a l  o b se rv a tio n s  o f b le n d  s o lu t io n s  
and d r ie d  f i lm s  have been  g iv e n  i n  Table 3.1 in  s e c t io n  3-33.

4 .2  LIGHT SCATTERING TURBIDIMETRY
L ig h t  s c a t t e r i n g  tu r b id im e try  i s  u sed  to  determ ine the  

c loud  p o in t ,  th e  te m p e ra tu re  o f i n i t i a l  phase s e p a r a t io n ,  o f the  
b le n d  c o m p o sitio n s . By m e a su rin g  th e  cloud  p o in t  f o r  a range o f 
com positio ns a c lou d  p o in t  curve i s  o b ta in e d  which n o rm ally  l i e s  
betw een th e  b in o d a l and s p in o d a l  curves a lth o u g h  i t  cou ld  be 
a f f e c te d  by k i n e t i c s .  The t h e o r e t i c a l l y  s im u la te d  phase 
d iagram s a re  compared to  t h i s  c lo u d  p o in t  cu rv e .
4 .21  The PES/PEO B lends

A ll  com p o sitio ns from  9 9 s i  to  1 :99  PES/PEO were found to  
phase s e p a ra te  on h e a t in g .  Some o f the  p lo t s  o f th e  s c a t t e r e d  
i n t e n s i t i e s  o b ta in e d  by tu r b id im e t r y  fo r  PES/PEO (m o lecu la r w eigh t 
4000) a re  shown in  F ig u re  4 .3 .  The p lo ts  show a sh arp  in c re a s e  in  
th e  i n t e n s i t y  o f s c a t t e r e d  l i g h t  a t  the  c lo u d  p o in t .  The r e s u l t a n t  
c loud  p o in t  curves fo r  th e  b le n d s  o f PES w ith  PEO o f m o lecu la r 
w eigh ts o f 4000, 20,000 and  200 ,000  a re  shown in  F igure  4 .4 .  An 
in c re a s e  in  m o lec u la r w e ig h t o f PEO from 4000 to  200,000 d ec re a se s
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F ig u re  4 .3  P lo t s  o f  s c a t t e r i n g  i n t e n s i t i e s  ( a r b i t r a r y  u n i t s )  
a g a in s t  tem p e ra tu re  fo r  b len d s o f PES : PEO a t
( a ) 20: 80 , (B) 30 :70 , ( c) 4 0 :6 0 , ( d) 50:50,
(E) 6 0 :4 0 , (F) 7 0 :3 0 , (0 ) 8 0 :2 0 , (H) 90:10 
w e ig h t r a t i o  (PEO 4000 u s e d ) .
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Wt.fi PEO
F ig u re  4 .4  P lo t s  o f c loud  p o in ts  a g a in s t  com position  

f o r  PES b len d s w ith  (A) PEO 4000, (B) PEO 
(m o lecu la r"  w eight 2 0 ,0 0 0 ), (C )r PEO WSRN' 80 
(m o le c u la r  w eigh t 200, 000.
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th e  c loud  p o in t  tem p e ra tu re  as ex p ec ted  b u t n o t  to  the e x te n t  
seen  in  o th e r  sy stem s. The minimum in  the  c loud  p o in t  curve 
ap p ea rs  c lo se  to  a 10:90 PESsPEO r a t i o .  T his com position  v a r ie s  
l i t t l e  w ith  m o lec u la r w e ig h t o f PEO. The skew n a tu re  o f the  curves 
a p p e a rs , th e r e f o r e ,  to  be in d e p e n d e n t o f m o lec u la r w eig h t.
4 .2 2  The PES/Phenoxy B lends

A ll  com p o sitio ns from  90/10  to  10/90 PES/phenoxy were 
found to  phase s e p a ra te  on h e a t in g .  Only 50/50 PES/phenoxy b len d  
com po sitio ns cou ld  be s tu d ie d  u s in g  the  l i g h t  s c a t t e r in g  tu r b id im e te r .  
T h is p l o t  o f s c a t t e r e d  i n t e n s i t i e s  a g a in s t  tem p era tu re  i s  shown in  
F ig u re  4 .5 .  Cloud p o in ts  o f  o th e r  PES/phenoxy com po sitio ns could  
n o t  be m easured  by t h i s  m ethod , because  o f th e  upper tem p era tu re  
l i m i t  o f  200°C on th e  l i g h t  s c a t t e r i n g  in s tru m e n t u sed . The phase 
s e p a r a t io n  tem p e ra tu re  o f  o th e r  PES/phenoxy com positions were v i s u a l ly  
o b se rv ed  on a h o t  p la t e  a t  a h e a t in g  r a t e  o f 2°C /m inu te. The temp­
e r a tu r e s  were m easured  by p u t t i n g  a probe o f a d i g i t a l  therm om eter 
n e a r  th e  sam ple. These r e s u l t s  co u ld  have an e r r o r  o f -  5°C due to  
d i f f i c u l t y  in  knowing th e  r e a l  specim en te m p e ra tu re . The r e s u l t a n t  
phase d iagram  i s  shown in  F ig u re  4 .6 .  T his c loud  p o in t  curve i s  
sym m etrical and n o t  skewed as  w ith  th e  PES/PEO b le n d s . T h is may 
be due to  th e re  b e in g  l e s s  d i f f e r e n c e s  in  th e  s t a t e  p a ram e te rs  of 
th e  two com ponents.

4 .3  GLASS TRANSITION TEMPERATURE MEASUREMENTS

The m easurem ent o f  g la s s  t r a n s i t i o n  tem p e ra tu re s  (Tg) i s  
th e  m ost w id e ly  u sed  t e s t  f o r  e s t a b l i s h in g  the  m i s c i b i l i t y  o f two 
p o ly m ers. As s t a t e d  e a r l i e r  ( s e c t io n  1 .3 2 ) a b len d  o f two polym ers 
g iv in g  a s in g le  Tg, u s u a l ly  in te rm e d ia te  betw een two polym ers, i s
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F ig u re  4 .5  * P lo t  o f s c a t t e r in g  i n t e n s i t i e s  ( a r b i t r a r y  
u n i t s )  a g a in s t  tem p era tu re  fo r  a b le n d  of 
PES:phenoxy a t  5 0 :5 0 .

Wt. fo Phenoxy
F ig u re  4.6- P l o t  o f Cloud p o in t  a g a in s t  com positions f o r  PES b len ds w ith  phenoxy r e s in .
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c o n s id e re d  m is c ib le  and t h a t  g iv in g  two Tg’ s im m isc ib le . The 
m easurem ent can a ls o  g iv e  an  i n d ic a t io n  o f polym er-polym er i n t e r ­
a c t io n s .  Dynamic m ech an ica l a n a ly s is  and d i f f e r e n t i a l  scann ing  
c a lo r im e try  were u sed  to  d e te rm in e  the  Tg’ s o f the  b len d s in  t h i s  
work. These te c h n iq u e s  have been d is c u s s e d  in  s e c t io n s  3 .4 2  and 
3 .4 3 .
4. 3I  Dynamic M echan ical A n a ly s is  ( IMA)

T able 4 .2 g iv e s  th e  g la s s  t r a n s i t i o n  tem p e ra tu re s  fo r  PES/ 
PEO and PES/phenoxy b le n d s  as  d e te rm in ed  by the  IMA. method and f o r  
com parison th e o r e t i c a l  v a lu e s  c a lc u la te d  u s in g  the  Fox e q u a tio n  
( 1 .1 0 ) .  F ig u re s  4 .7  and 4 .8  show the  ty p ic a l  p lo ts  o f  ta n  S 
a g a in s t  com po sitio n  f o r  th e  two sy s tem s . The b len d s  fo r  b o th  
system s show a s in g le  c o m p o sitio n  dependent Tg, C om positions 
c o n ta in in g  more th a n  60 w e ig h t p e r c e n t  PEO were too  f r a g i l e  to  
be t e s te d  by IMA. In  th e  case  o f  PES/phenoxy b len d s c o n ta in in g  
more th an  70 w eig h t p e r c e n t  PES, th e se  cou ld  n o t  be examined because 
o f th e  tem p e ra tu re  (200°C) l i m i t a t i o n  o f the  IMA in s tru m e n t.

F ig u re s  4 .9  and 4 .1 0  show p lo t s  o f Tg a g a in s t  com po sitio n  
o f PES/PEO and PES/phenoxy b le n d s  r e s p e c t iv e ly  compared to  th e  Fox 
e q u a tio n  ( 1 .1 0 ) .  In  F ig u re  4 .9  th e  Fox e q u a tio n  r e s u l t  i s  v e ry  
dependent on th e  v a lu e  o f Tg u se d  f o r  PEO which has to be e x tra p o ­
l a t e d  fo r  amorphous sam p les. We u se d  a v a lu e  o f -7 3° b u t

O 1 Q  ̂v a lu e s  as h ig h  as -20  C have been  su g g e s ted  . The ex p e rim en ta l 
v a lu e s  o f Tg fo llo w  a smooth curve to  60/40 PES/PEO co m p o sitio n s . 
With h ig h e r  PEO c o n te n t th e  sam ples curve away from the  ex p ec ted  
l in e  p o s s ib ly  because o f PEO c r y s t a l l i s a t i o n .  For the  PES/phenoxy 
b len d s  th e  e x p e rim en ta l T g 's  o f  the  b len d  f a l l  a lm ost on a s t r a i g h t  
l i n e .  The e x p e rim e n ta l Tg’ s f o r  b o th  th e  system s show a p o s i t iv e
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T able 4 .2  Tg a g a in s t  b le n d  com po sitio n  fo r  PES/PEO and PES/Phenoxy 
b len d s

1

| R a tio  o f B lend 
| Components

PES
E x p e rim en ta l

: PE0
T h e o re t ic a l  
Fox E q uatio n

PES : I 
E xperim en ta l

5henoxy 
j T h e o re tic a l  
Fox Equation

!j  100 s 0 226* 226* 226* 226*
90 : 10 168 162 - 207
83 : 17 132 125
80 : 20 128 111

75 : 25 110

70 : 30 100 72 182 174
65 : 35 84 •

60 : 40 68 39-5
50 : 50 54 13.0 157 145
40 ; 60 45 -  10

30 : 70 - -29' 130 • 119

20 : 80 - -46 115 109
10 : 90 - -60 98 96

0 : 100 -7 3 + - i f 87 87

* Quoted v a lu e , a s  g iv e n  by I  Cl f o r  V ic tre x  200P 
V alue g iv en  i n  r e f e re n c e  102
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F ig u re  4 .7  P lo ts  of ta n  S a g a in s t  tem p era tu re  fo r  b lends
o f  PES w ith  PEO a t  (A). 8 3 :1 7 , (B )80:20 ( c) 75:25, 
(D) 6 5 :3 5 , (E) 6 0 :4 0 . (F) 50:50 (G )40:60 w eight 
r a t i o .
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F ig u re  4 .8  P lo ts  o f  ta n  & a g a in s t  tem p e ra tu re  fo r  b len d s  o f  PES
w ith  phenoxy r e s i n  a t  (A) 7 0 :3 0 , (B) 50 :50 , (C) 30:70, 
( d) 2 0 :8 0 , (E) 1 0 :9 0 , (F) 0 :100  w eight r a t i o .
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P E O jso lid  l i n e  -  e x p e rim e n ta l, d o tte d  l in e  -  Theo­
r e t i c a l  (Fox E q u a tio n ) . T his p lo t  i s  fo r  PEO 4000, 
b u t  o th e r  m o lec u la r w eights were n o t s i g n i f i c a n t ly  
d i f f e r e n t .
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phenoxy resin. Solid line experimental Tg from 
DMA and dotted line - theoretical calculated 
from Fox equation.
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d e v ia t io n  from th e  t h e o r e t i c a l  Fox e q u a tio n  im ply ing  a s tro n g  i n t e r -
141a c t io n  betw een th e  po lym ers . B lends p re p a re d  from PEO m o lecu la r

w eigh t 20,000 (Carbowax 20M) and 200,000 (Polyox WSRN 80) d id  n o t 
show s i g n i f i c a n t l y  d i f f e r e n t  Tg’ s from th o se  of the PEO m o lecu la r 
w eigh t o f 4000 u sed  in  th e  above work. W1Tg1 + K W2Tg2

The G ordon-T ay lor e q u a tio n  Tg^ = -----------------------------+ K W2 4.1

i s  o f te n  s e m iq u a n t i t a t iv e ly  r e l a t e d  to  the  s t r e n g th  o f the  i n t e r ­
a c t io n  betw een th e  two p o ly m ers . Tg^ i s  the  g la s s  t r a n s i t i o n  
tem p e ra tu re  o f  th e  b le n d  and Tg^ and Tg2 th o se  o f r e s p e c t iv e  
po lym ers. and W2 a re  th e  w e ig h t f r a c t io n  o f the  two polym ers
and K i s  th e  G ordon-T ay lor p a ra m e te r .

The above e q u a tio n  can be re o rg a n is e d  to  g ive

( T«1 -  V  = K ^  ( T«b -  ts 2)
A p lo t  o f (Tg^ -  Tgy a g a in s t  ^  (T g^- Tg2) g iv e s  a s t r a i g h t  l in e  
and th e  s lo p e  o f t h i s  g iv e s  th e  v a lu e  o f G ordon-T aylor p a ram e te r. 
These p lo t s  o f PES/PE0 and PES/phenoxy b len d s a re  g iv en  in  F ig u re  
4 .1 1 . The v a lu e s  o f K o b ta in e d  from the  p lo t s  a re  1 .5 2  and 1 .0 . 
These v a lu e s  o f K f o r  th e  two sy stem s su g g e s t t h a t  the  i n t e r a c t i o n  
betw een PES and PEO i s  s t r o n g e r  th a n  t h a t  betw een PES and phenoxy 
r e s i n .

4 .2

F ig u re  4 .1 2  shows a IMA p lo t  fo r  a 20/80 PES/phenoxy 
b len d  b e fo re  and a f t e r  phase  s e p a r a t io n .  The phase s e p a r a t io n  was 
c a r r i e d  o u t by h e a t in g  th e  sam ple to  250°C (*“20°C above the  cloud  
p o in t ) .  The sample was ’ sandwiched* betw een two g la s s  s l i d e s  to  
av o id  d i s t o r t i o n .  The te m p e ra tu re  o f the  sample was m a in ta in e d  
f o r  te n  m in u tes  a t  250°C and th e n  i t  was r a p id ly  quenched in  l i q u id  
n i t r o g e n .  The m is c ib le  b le n d  shows a s in g le  Tg a t  115°C, w hereas the
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40 80 120 140

F ig u re  4 .11 A p l o t  o f (Tg l  -  Tgb)
s o l i d  l i n e  — -PES/PEO 
phenoxy b le n d s

3  ( T -  T )Wl gb
a g a in s t  lv^/Wi (Tgb -  Tg 2 ) 

b le n d s , d o t te d  l in e  PES/



F ig u re  h.12 A p lo t  o f tan  b a g a in s t  tem p era tu re  fo r  PES w ith  phenoxy r e s in  a t  20:80 
w eight r a t i o ;  (A) homogeneous b len d , (B) phase s e p a ra te d  b len d .
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phase s e p a ra te d  sample shows a Tg a t  90°C (n e a re r  to  the phenoxy Tg) 
and p o s s ib ly  a n o th e r  n e a r e r  th e  PES Tg of 226°C. The l a t t e r  cou ld  
n o t be a c c u ra te ly  d e te rm in ed  b ecause  o f the  in s tru m e n ta l  l im i t a t i o n s .  
T his confirm s th e  o b se rv ed  phase  s e p a r a t io n  from th e  t u r b i d i t y  mea­
surem ents .

4 .3 2  D i f f e r e n t i a l  S cann ing  C a lo rim e try  (DSC)
T y p ica l DSC r e s u l t s  f o r  v a r io u s  PES/PEO and PES/phenoxy

o 1b len d  com p o sitio ns a t  a h e a t in g  r a t e  o f 10 C min a re  shown in  
F ig u re s  4 .1 3  and 4 .1 4  and th e  T g 's  o b ta in e d  from them a re  g iv en  in  
T ab les 4 .3  and 4 .4  r e s p e c t i v e l y .  For th e  PES/PEO b len ds DSC Tg 
r e s u l t s  a re  g iv en  up to  6 0 /40  PES/PEO co m p o sitio n s . The r e s u l t s  
o b ta in e d  f o r  com p o sitio ns c o n ta in in g  more th an  40 w eig h t p e rc e n t  PEO 
in  th e  b len d  were u n r e l i a b l e  b ecau se  o f the  m e ltin g  o f PEO c r y s t a l ­
l i t e s .  No m e ltin g  peak was g iv e n  by b len d s c o n ta in in g  le s s  than  
40 w eigh t p e rc e n t  PEO. T h is  p roblem , however, does n o t  a r i s e  in  
PES/phenoxy b len d s  because b o th  polym ers a re  amorphous.

A 70/30  PES/phenoxy b le n d  which gave a s in g le  Tg o f 188°C 
was phase s e p a ra te d  by h e a t in g  to  230°C, a tem p era tu re  25°C above 
th e  phase s e p a r a t io n  te m p e ra tu re , and quenched in  l i q u id  n it ro g e n  
to  f r e e z e  th e  s t r u c tu r e .  T h is  phase s e p a r a te d  sample was found 
to  g iv e  two Tg*s, one a t  135°C and the  o th e r  a t  218°C. These Tg’ s 
were n o t  th o se  o f th e  in d iv id u a l  components b u t were s h i f te d  
tow ards in te rm e d ia te  te m p e ra tu re s  p ro b ab ly  because com plete 
s e p a r a t io n  o f  th e  components d id  n o t  tak e  p la c e .  This r e s u l t  
confirm s t h a t  th e  PES/phenoxy b le n d s  phase s e p a ra te  on h e a t in g .
In  g e n e ra l DSC r e s u l t s  were 8 -  10°C h ig h e r  th an  DMA T g ^ a s  
ex p ec ted , p o s s ib ly  because o f  the  f a s t  h e a t in g  r a t e  and because DSC
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F ig u re  4 .1 3  P lo ts  o f DSC therm ogram s o f h e a t  c a p a c i t ie s  a g a in s t  
tem p e ra tu re  f o r  PES b len ds w ith  PEO a t  (A) 6 0 :40 , 
(B) 7 0 :3 0 , (C) 7 5 :2 5 , (D) 8 0 :2 0 , (E) 8 3 :1 7 , (F) 
8 9 :11 , (G) 9 4 :6  and (H) 100:0  w eight r a t i o .
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m easurem ents in v o lv e  lo n g e r  range m otions compared to  the  m ic ro - 
brow nian m otions r e s p o n s ib le  fo r  th e  dynamic m echan ical lo s s  
peak .

T able 4 .3  Tg’s o b ta in e d  by DSC f o r  PES/PEO b len d s

C om position 
v/Jo PES/PEO Tg(°C) o b ta in e d  by DSC

100/0 226
94/6 208
83/17 163
80/20 157
75/25 125
70/30 115
60/40 98

_______________________________________________ 1

T able 4 .4  Tg’ s o b ta in e d  by DSC f o r  PES/Phenoxy b len d s

C om position 
v/J, PES/ 
Phenoxy Tg(°C) o b ta in e d  by DSC

IOO/O 226
90/10 215
70/30 188
50/50 163
30/70 129
10/90 110

0/100 94

70/30 PES/Phenoxy
Phase s e p a ra te d 135 218 1
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In  DSC p lo t s  a t  o r above 60 w e ig h t p e rc e n t  PES, no PEO m e ltin g  
endotherm  was o b se rv ed . However, above 40 w eig h t p e rc e n t  PEO in  
the  b len d  a m onotonic in c r e a s e  in  m e ltin g  endotherm  was n o tic e d  
( s im i la r  to  t h a t  sh o w  in  o th e r  system s,/ ’ . The a re a  under
th e  m e ltin g  endotherm  g iv e s  an e s t im a te  o f th e  h e a t  o f fu s io n  o f 
c r y s t a l l i n e  PEO in  th e  b le n d s .  I f  the  a re a s  u n d er th e  m e ltin g  
endotherm s a re  p lo t t e d  a g a i n s t  th e  b len d  com p o sitio n , a s t r a i g h t  
l in e  i s  o b ta in e d  which i n t e r s e c t s  th e  com po sitio n  a x is  a t  40 w eig h t 
p e rc e n t  PEO (F ig u re  4 .1 5 ) .  T h is  shows t h a t  up to  a 60/40 PES/PEO 
com po sitio n , th e  b len d s  a re  p o s s ib ly  amorphous and no d e te c ta b le  
PEO c r y s t a l l i t e s  a re  p r e s e n t .  I f  the  c r y s t a l l i n i t y  of- PEO i s  known, 
from F ig u re  4 .1 5  one can c a l c u l a t e  the  amount o f c r y s t a l l i n e  PEO in  
th e  b le n d  a t  am bient te m p e ra tu re .

4 .4  OPTICAL AND ELECTRON MICROSCOPY
The phase s e p a r a t io n  o f  th e  PES/PEO. b len d s  were s tu d ie d  

u s in g  an o p t i c a l  m ic roscop e  f i t t e d  w ith  a h o t  s ta g e .  The phase 
s e p a r a t io n  on h e a t in g  and d isa p p e a ra n c e  o f s e p a ra te d  phases on 
a n n e a lin g  below  th e  phase s e p a r a t io n  tem p e ra tu re  were observed .
The c lo u d  p o in t  was tak e n  a s  th e  o n se t  o f phase s e p a ra t io n  on 
h e a t in g .  The c loud  p o in ts  th u s  d ete rm in ed  f o r  PES/PEO (m o lecu la r 
w eigh t 4000) b len d s  a re  g iv e n  in  Table 4 .5 .  These were s im i la r  
to  th o se  o b ta in e d  by l i g h t  s c a t t e r i n g  tu rb id im e try .  F ig u re  4 .16  
shows p ic tu r e s  o f an 80/20  PES/PEO b len d  exam ined in  t h i s  way. P ic tu r e  
A i s  o f a  c le a r  b le n d  a t  room tem p e ra tu re  and i t  i s  observed  to  s ta y  
c le a r  up to  th e  phase s e p a r a t io n  te m p e ra tu re .o f  128°C ( in  t h i s  c a s e ) .  
A t the phase s e p a r a t io n  te m p e ra tu re , a phase s e p a ra te d  s t r u c tu r e  a s  
shown in  p ic tu r e  B a p p e a rs .  I n  a n o th e r 10 seconds the  phase 
s e p a ra te d  domains grow b ig g e r  i n  s iz e  as shown in  p ic tu r e  C.
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F ig u re  4 .15  A p l o t  o f a re a  under the  m e lt endotherm  fo r  PES, 
PEO b le n d s  c o n ta in in g  g r e a te r  than  40 wt fo PEO 
in  th e  b le n d .
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Very q u ic k ly  w ith in  a te m p e ra tu re  change o f 1°C, the  sample becomes 
co m p le te ly  opaque. On c o o l in g ,  th e  p ro ce ss  r e v e r s e s  b u t i t  tak e s  
lo n g e r to  c le a r .  Complete c l a r i t y  was n o t ic e d  a t  122°C in  abou t 
4 - 5  m in u te s .

Table 4 .5  Cloud P o in ts  by H ot S tag e  M icroscope.

B lend C om position 
PES:PE0

C loud P o in t°C  
H e a tin g  j C ooling

Cloud P o in t0C 
by tu rb id im e try

80 : 20 128 122 128
60 : 40 115 110 110
50 : 50 103 98 103
40 : 60 97 88 96
20 j 80 85 70 85 II

O ther b len d  com po sitio ns a ls o  showed s im i la r  b eh av io u r and th u s  con­
firm ed  t h a t  th e  phase s e p a r a t io n  on h e a t in g  i s  a common fe a tu re  o f 
th e se  b le n d s .

In  th e  case o f PES/phenoxy b len d s  th e  phase s e p a ra t io n  on 
h e a t in g  o r reh o m o g en isa tio n  on c o o lin g  i s  n o t  as q u ick  as w ith  PES/PEO 
b le n d s . These were exam ined by an o p t ic a l  m icroscope b e fo re  and 
a f t e r  phase s e p a r a t io n .  C le a r  f i lm  sample b e fo re  phase s e p a r a t io n  
d id  n o t  show any s t r u c t u r e .  F ig u re  4 .17  shows a p ic tu r e  o f a 50/50 
PES/phenoxy b le n d  a f t e r  phase  s e p a r a t io n .  T his sample was phase 
s e p a ra te d  by h e a t in g  th e  b le n d  to  200°C ( th e  c loud  p o in t  fo r  a 50/50  
b len d  i s  185°C ), k eep in g  a t  t h i s  tem p e ra tu re  fo r  10 m in u tes and th en  
quenching in  l i q u id  n i t r o g e n  to  a v o id  rem ix in g  on c o o lin g . Phase 
s e p a ra te d  domains a re  c l e a r l y  se e n .



Figure 16 Optical microscope pictures of an 80:20 (weight ratio) 
PES:PE0 blend, (A) at room temperature as prepared, and 
(B) and (C) at 128°C showing the structure which develops, 
(B) as soon as the first signs of phase separation are 
detected, and (c) 10 seconds later.
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Figure 4.17 Optical microscope picture of an 50:50 PES:^ 
Phenoxy blend after phase separation at 200 C 
and chilling.
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The m o rp h o lo g ica l f e a tu r e s  o f b le n d s  o f PES/PEO were a ls o  
s tu d ie d  u s in g  tra n s m is s io n  e le c t r o n  m ic ro sco p y . An example o f a 
8 3 .5 /1 6 .5  PES/PEO (m o le cu la r w eig h t 4000) b le n d  b e fo re  and a f t e r  
phase s e p a r a t io n  a s  examined in  th e  t ra n s m is s io n  e le c t r o n  m icroscope 
i s  shown in  F ig u re  4 .1 8 . The sample was phase s e p a ra te d  by h e a t in g  
to  150°C (20° above th e  c lo u d  p o in t ) ,  and th e n  quenched in  l i q u id  
n i t ro g e n .  In  p ic tu r e  B (F ig u re  4 .1 8 ) phase s e p a ra te d  domains a re  
c le a r ly  v i s i b l e .  PEO domain s iz e s  appear to  be ap p ro x im a te ly  0.25/*ni. 
A p ic tu r e  o f 70/30  PES/PEO b le n d  b e fo re  and a f t e r  phase s e p a r a t io n ,  
obse rved  th rou gh  a scann ing  tra n s m is s io n  e le c t r o n  m icroscope i s  a ls o  
shown in  F ig u re  4 .1 9 . The two phase s t r u c tu r e  i s  c le a r ly  seen .
The sam ples show a n a tu r a l  c o n t r a s t  in  e le c t r o n  m icroscopy  because 
o f the  h ig h e r  e le c t r o n  d e n s i ty  o f PES due to  th e  p resen ce  o f heavy 
su lp h u r atoms and a ro m a tic  r in g s  in  the  PES (d a rk  p h a se ) .

E le c tro n  m icroscopy  was n o t  a tte m p te d  in  th e  case o f PES/ 
phenoxy b le n d s . These s t r u c t u r a l l y  s im i la r  polym ers m ig h t have 
r e s u l t e d  in  poor p h a s e .c o n t r a s t .

4 .5 THE PROPERTIES OF PURE COMPONENTS
The fo llo w in g  p r o p e r t i e s  o f th e  p u re  components were e i t h e r  

m easured e x p e r im e n ta lly  o r o b ta in e d  from th e  l i t e r a t u r e .  They were
u sed  fo r  the  s im u la t io n  o f t h e o r e t i c a l  phase b o u n d a rie s  o f th e  m is c ib le  
polym er-polym er sy stem s.

(a ) The s p e c i f i c  volum e, vsp
/ \ 1 / ^ v \(b ) The therm al expansio n  c o e f f i c i e n t , '  a = —

3 P(c ) The therm al p re s s u re  c o e f f i c i e n t ,  y = ( 9~rji)v

(d) The su rfa c e  a re a  p e r u n i t  co re  volume r a t i o
o f th e  two com ponents, —

SI
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A

0.5umh-----------1
Figure 18 Electron micrograph of an 83.5s16.5 (weight ratio) PES/PEO 

blend, (A) at room temperature as prepared, and (b ) after 
heating to 150°C and quickly quenching. The system shows 
a natural contrast. The PEO appears light.
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ratio) PES/PEO blend, (A) at room temperature as prepared 
and (b ) after phase separation at 150°C and quickly 
quenching.
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(a) The S p e c if ic  Volume o f th e  Components

The s p e c i f i c  vo lum es o f th e  pure components a re  n o rm a lly  
o b ta in e d  from th e  d e n s i t i e s  ( v ) a t  a p a r t i c u l a r  te m p e ra tu re . 
The tem p e ra tu re  dependence o f th e  s p e c i f i c  volume i s  g iv en  by :

oV" = v  „ e sp  sp 2 .1 0 3

The d e n s i t i e s  o f 4 -phenoxy  d ip h en y lsu lp h o n e , te tra g ly m e , 
th e  phenoxy analogue and  PEO (m o le c u la r  w eig h t 4000) were m easured  
a t  d i f f e r e n t  te m p e ra tu re s  u s in g  a  25 ml. pycnom eter. D e n s i t ie s  o f 
PES'*'4 ^ h ig h  m o le c u la r  w e ig h t PE&4and phenoxy resins"^44  were tak en  
from th e  m a n u fa c tu re rs  p ro d u c t  d a ta  in fo rm a tio n . The v a lu e s  th u s  
o b ta in e d  a re  g iv en  in  T ab le  4 .6 .

T able 4 .6  D e n s i t ie s  and S p e c i f i c  Volumes o f Pure Components

M a te r ia l
T em peratu re _3D en sity  gem

S p e c i f ic  Volume 
cm^- ^

PES
PEO (m o le cu la r w e ig h t 4000) 80

1 .3 7  (q u o ted )
1 .089  t •00°5

0.7299
0 .9 1 83  1 .0004

60 1.096  t o . 0005 0 .9124  ±.0004
PEO (m o le cu la r w e ig h t 2O,O0Cj) 20/80 1 .065  (q u o ted ) 0 .9389
Phenoxy r e s i n 30 1 .1 8  (q u o ted ) 0 .8475
4-Phenoxy d ip h en y l s u l  phone - 100 1.2441 1 .0005 0 .8048  ±.0004
4-Phenoxy d ip h en y l s u l  phone 90 1.2469 ± .0005 0.8020  ±.0004
T etrag lym e (PEO an a lo g u e) 90 0 .9860  ± .0005 1.0420 ±.0004
Phenoxy r e s i n  (an a lo g u e ) 99 1 .1426 ± -0005 0 .8752  ±.0004
Phenoxy r e s i n  (an a lo g u e ) 80 1.1476 ± .0005j 0 .8714  -.0 0 0 4}1
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(b ) The C o e f f ic ie n t  o f  Thermal E xpansion

The ex p ans io n  o f a m a te r ia l  on h e a t in g  i s  a  phenomenon which 
depends on i n t e r n a l  -  m o s tly  i n t e m o le c u l a r  -  fo r c e s .  The c o e f f i c i e n t  
o f therm al ex p an s io n  i s  o b ta in e d  e i t h e r  from d e n s i t ie s  o r from d ila to m e tric  
m easurem ents o f th e  sa m p le s . The l a t t e r  p ro v id e s  more a c c u ra te  v a lu e s  
fo r  a  a t  v a r io u s  te m p e ra tu r e s .  The d e n s i ty  m easurem ents te n d  to  g ive 
s l i g h t l y  h ig h e r  v a lu e s  due to  tra p p e d  a i r  in  th e  o lig o m eric  m a te r ia l s .
The te m p e ra tu r e  and p r e s s u r e  dependence o f a ,  can be c a lc u la te d  from 
t h e o r e t i c a l  c o n s id e r a t io n s  when i t  i s  w r i t te n  in  te r n s  o f red u ced  
v a r ia b le s  and p ro v id e d  i t s  v a lu e  i s  known a t  one p a r t i c u l a r  tem pera­
tu re  and p re s s u re  :

a = I 3 X = K( 4| ) o.  4 3v  3T Tv W  P °

3 a  (T; P) = ( f “ p)p dT + ( J ® ) TdP 4 .4
where

( - f f ) p  = 0 = (7  + 4 a  T) aZ/3. 4 .5
and

( - § f ) T = -(T a /y X  1 + 13 a  T/ 3 + 4 ( a T) 2 / J  4 .6
N e g le c tin g  th e  p re s s u re  dependence o f a a t  a tm o sp h eric  p re s s u re  g iv e s  :

a  = a  + a 2 (7 + 4 a t) At /  2 .104o o o 3

T his e q u a tio n  was u sed  to  c a lc u la t e  a a t  the  r e q u ire d  te m p e ra tu re s .
The th e rm al e x p an s io n  c o e f f i c i e n t  o f  PES and phenoxy r e s in

143 14 4were e s t im a te d  from t h e i r  l i n e a r  therm al exp ansio n  c o e f f ic i e n t s  ’
142T hat f o r  PEO was tak e n  from  th e  l i t e r a t u r e  and d e n s i ty  m easurem ents.

The a  v a lu e s  fo r  polym er an a lo g u es  were o b ta in e d  from the  d e n s i ty  
m easured a t  two te m p e ra tu re s .  The v a lu e s  o f th e  therm al expansion  
c o e f f i c i e n t s  th u s  o b ta in e d  a re  g iv e n  in  Table 4 .7 .
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Table 4 .7  a  V alues o f P u re  Components a t  25°C

( c )

M a te r ia l a x 10
PES 1 .65
PEO 5 .5
Phenoxy r e s i n 2 .0
PDS (PES a n a lo g u e ) 2 .65
T etrag lym e (PEO ana lo g u e) 7 .0
Phenoxy an a lo g u e  (80°C) 2 .6

The Thermal P re s s u re  C o e f f ic ie n ts ,  y

R e l ia b le  v a lu e s  f o r  th e  therm al p re s s u re  c o e f f ic ie n t s  o f 
polym ers a re  n o t  g e n e r a l ly  a v a i la b le  because o f the  p r a c t i c a l  d i f f i ­
c u l t i e s  o f m easu ring  t h i s  q u a n t i t y .  The the rm al p re s su re  c o e f f ic i e n t s  
o f th e  pure  polym ers can be e s t im a te d  e i t h e r  from the  r a t i o  o f the rm al 
exp ansio n  c o e f f i c i e n t ,  a  , to  is o th e rm a l c o m p r e s s ib i l i ty ,  g as  y = 

o r from  th e  s o l u b i l i t y  p a ra m e te r . The s o l u b i l i t y  p a ram ete r i s

r e l a t e d  to  th e  coh esive  e n e rg y  d e n s i ty  (CED) and hence to  th e  s t r e n g th
o f th e  i n t e r n a l  p re s s u re  o f  th e  m o le c u le s . The in t e r n a l  p r e s s u r e ,  P i ,

145a t  a g iv e n  tem p e ra tu re  i s  r e l a t e d  to  Yi by

P i = T Y i 
2where P^ = m (CED) = m

4.7
4 .8

o r a $ i  =  T ^  4 .9

■ where m f o r  m ost polym ers i s  c lo s e  to  one. Thus, knowing th e  s o lu ­
b i l i t y  p a ram e te r o f th e  com ponents, y can be c a lc u la te d  a t  any tem pera­
tu r e .  The s o l u b i l i t y  p a ra m e te r  can be o b ta in e d  from group c o n tr ib u t io n s
u s in g  ta b u la te d  d a ta 142 These c a lc u la t io n s  n o rm a lly  g iv e  5 and Y a t
25 C, where th e  te m p e ra tu re  dependence o f y a t  a tm osph eric  p re s s u re  i s
g iv en  by :
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dy_
3 T -Y (1 + 2 o t ) / j 4 .1 0

T =yo - ^  + 2 “ o T) A T/ t 2.105

The therm al p re s s u re  c o e f f i c i e n t s  o f the  pure m a te r ia ls  a t  25°C 
c a lc u la te d  a c c o rd in g  to  e q u a t io n  4 .9  a re  g iv en  in  Table 4 .8 .

T able 4 .8  The Thermal P r e s s u r e  C o e f f ic ie n ts  o f Pure Components a t  25 C

M a te r ia l
PES
PEO
Phenoxy R es in  
PDS (PES a n a lo  g u e) 
T etrag lym e (PEO an a lo g u e) 
Phenoxy an a lo g u e

/XY ( j  Cm g )
1 .4  
1.2 
1 .2 3
1 .5  
1 .0 8  
1 .2 5

(d ) The S u rface  p e r  U n it  o f  Core Volume R a tio  o f th e  Two
Polym ers : S 2 /g j

T h is r a t i o  can be c a lc u la te d  from the  method o f g roup  
147c o n tr ib u t io n s  g iv en  by Bondi . Bondi l i s t e d  the  volume o f m ole­

c u le s  im p en e trab le  to  th e rm a l c o l l i s i o n ,  th e  so c a l le d  van d e r Waals 
volum es, and th e  c o rre sp o n d in g  a r e a  p e r  m o lecu le . In  the  case  o f  
PES th e  c o rre sp o n d in g  d a ta  f o r  th e  C = 0 group  was u sed  as an ap p ro x i­
m atio n  f o r  th e  SOg g roup , s in c e  t h i s  was n o t  a v a i la b le .  The s u r fa c e  
a re a  p e r  u n i t  core volume can a ls o  be c a lc u la te d  by c a s tin g  shadows 
o f m o lecu le s  f o r  v a r io u s  o r i e n t a t i o n s ,  where th e  a re a  fo r  monomer

7u n i t  i s  e s t im a te d  from th e  a r e a  o f the  p r o je c t io n s  . A s p h e r ic a l
shape f o r  sm all m o lecu le s  and a  c y l in d r i c a l  shape f o r  polym ers was

110assum ed. A no ther a l t e r n a t i v e  i s  th e  u se  o f th e  Abe and F lo ry  y 
e q u a tio n  :
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51 _ ,Vl*v “ 1 /3
52 “ 4 .11

where V* i s  th e  p ro d u c t o f and th e  m o lecu la r w eigh t o f the  c o r r e s ­
ponding com ponent. None o f  th e s e  m ethods, however, g iv e  a p re c is e
v a lu e  fo r  • 
p o o r.

and th e  ag reem en t betw een the  d i f f e r e n t  methods i s

The r a t i o  o f 75— i s  c lo se  to  u n i ty  when two polym ers o r two s o lv e n ts  S1
a re  m ixed, u n le s s  th e re  i s  a s t ro n g  s p e c i f i c  i n t e r a t i o n  w ith in  th e

S2m o lecu les  o f one o f th e  com ponents. The r a t i o s  o f g j  , c a lc u la te d  
from B ondi's ap p ro x im a tio n , f o r  th e  system s in v e s t ig a te d ,  a re  p re s e n te d  
in  Table 4 .9 .  I n  t h i s  c a l c u l a t io n  th e  in t e m o le c u la r  i n t e r a c t i o n s  
o f the  two com ponents were ig n o re d .

Table 4 .9 R a t i o 's  f o r  th e  Components

M a te r ia ls i s
S l
1.2PEO/PES

Tetraglym e/PD S 1.2
Phenoxy re s in /P E S 1.084
Phenoxy analogues/P D S 1.087

MELTING OR CRYSTALLISATION POINT DEPRESSION
In  polym er b le n d s  where one o f th e  components i s  c r y s t a l l i n e  

o r p a r t i a l l y  c r y s t a l l i n e ,  v a lu e s  o f the  m e ltin g  p o in t  d e p re ss io n  can 
be u sed  to  c a lc u la te  v a lu e s  o f  th e  i n t e r a c t i o n  p a ram e te r. The 
c r y s t a l l i s a t i o n  and m e l t in g  b eh a v io u r o f PEO in  th e  PES:PE0 b le n d s  
was s tu d ie d  by DSC and by l i g h t  s c a t t e r i n g  tu rb id im e try .  Both o f  
th e  te c h n iq u e s , in  b o th  h e a t in g  and  c o o lin g , have problem s in  d e te r ­
m ining  th e  e q u i l ib r iu m  therm odynam ic m e ltin g  p o in t .  In  h e a t in g ,  
e q u ilib r iu m  i s  d i f f i c u l t  to  a c h ie v e  because o f slow  d if f u s io n  r a t e s
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and  i n i t i a l  la r g e  s c a le  in h o m o g e n itie s  and in  c o o lin g , the  problem  
i s  s u p e rc o o lin g . The DSC u sed  has a minimum r a t e  o f h e a tin g  o r 
c o o lin g  o f 1 K min , w hereas the  tu rb id im e te r  has a minimum r a t e  
o f 0 .1  K min and t h e r e f o r e  t u r b i  dime t r y  m easurem ents a re  p r e f e r r e d .
The b eg in n in g so f th e  m e l t in g  o r c o o lin g  therm ograms tfere tak en  
as m e ltin g  o r c r y s t a l l i s a t i o n  p o i n t s , '  . S im i la r ly  . thej 
b eg in n in g  o f  th e  in c re a s e  i n  the  i n t e n s i t y  o f l i g h t  d u rin g  h e a t in g  
o r c o o lin g  i n  tu r b id im e try  was ta k e n  as th e  m e ltin g  or c r y s t a l l i s a t i o n

102 30 88p o in t .  O th ers  have ta k e n , th e  p eak  o r th e  end J 1 o f the  
m e ltin g  therm ographs as  th e  m e l t in g  o r c r y s t a l l i s a t i o n  p o in ts .  S ince  
two te c h n iq u e s  re sp o nd  to  d i f f e r e n t  p h y s ic a l  p r o p e r t ie s  o f the  system  
t h e i r  s e n s i t i v i t y  w i l l  be d i f f e r e n t  fo r  d i f f e r e n t  sy stem s. T his 
system  p ro du ces la r g e  s c a le  h e te ro g e n e ity  and a v e ry  sh arp  in c re a s e  
in  t u r b i d i t y  on co o lin g  in t o  th e  c r y s t a l l i n e  re g io n  and th e re fo re  
tu r b id im e try  was u se d  a t  a  v e ry  low  c o o lin g  r a t e .  The a c tu a l  m e ltin g  
and c r y s t a l l i s a t i o n  p o in ts  v a ry  m arked ly  w ith  th e  method o f m easure­
m ent and r a t e  o f te m p e ra tu re  change. The m e ltin g  p o in t  d e p re s s io n s  
do n o t  v a ry  v e ry  much and a re  w ith in  ex p e rim e n ta l e r r o r  (w hich i s  
q u i te  la r g e )  in  m ost c a s e s .  The i n t e r a c t i o n  p aram ete rs  c a lc u la te d  
from th e se  r e s u l t s  th e r e f o r e  a ls o  ag ree  w ith in  ex p e rim en ta l e r r o r .
For PES/PEO system s t h i s  m ethod g iv e s  good t u r b i d i t y  m easurem ents fo r  
th e  h ig h e r  m o le c u la r  w e ig h t PEO u s e d . The d e t a i l s  o f ex p e rim e n ta l 
p ro ced u re  a re  g iv en  in  S e c t io n  3 .5 2 .

The m easured  c r y s t a l l i s a t i o n  p o in ts  a re  g iv en  in  T able 4.10 
a lo n g  w ith  th e  e x t r a p o la te d  r e s u l t s  f o r  pure PEO (s in c e  t u r b i d i t y  p lo ts  
were n o t  good f o r  t h i s )  . A ll  te m p e ra tu re s  cou ld  be d e te rm in ed  r e -  
p ro d u c ib ly  to  w ith in  0 .1 0  to  0 .2°C  and th e  same e r r o r  i s  e s t im a te d  in
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the  e x t r a p o la te d  v a lu e . O nly b len d s  c o n ta in in g  75 volume p e rc e n t  
PEO or g r e a t e r  had m e a su ra b le  m e ltin g  o r c r y s t a l l i s a t i o n  p o in ts .

T able 4 .1 0  C r y s t a l l i s a t i o n  T em peratu re  o f PES/PEO Blends

Volume f r a c t i o n  o f 
PES

C r y s t a l l i s a t i o n
P olyox  WSEN 80 
(MW 200,000)

tem perature  o f PEO in°C
Carbowax M20 

(MW 15000-20000)

0 5 4 .5 5 2 .4
0 .0 0 8 5 4 .3 5 2 .3
0 .0 1 6 - 52.2
0 .0 4 5 3 .8 5 1 .85
0 .0 8 5 3 .0 51.2
0 .1 7 5 1 .1 4 9 .6
0 .2 5 49 —

A g e n e r a l i s e d  form  o f  th e  m e ltin g  p o in t  d e p re ss io n  e q u a tio n ,
881 .1 5 , as g iv en  by Kwei and E r is c h  ,

AHu (T° -  T )Mm° - T /m 1 -  01T / _  = C/R -  b01 1 .1 5v m n r1 m nr 1 1 nr 2m̂  1

i s  u sed  to  c a lc u la te  th e  i n t e r a c t i o n  p aram ete r X^l* The i n t e r a c t i o n
p aram ete r X i s  r e l a t e d  to  b th ro u g h  the  e x p re s s io n

X = a  + b /T  -  b/T  4.12

where a i s  a  c o n s ta n t  w hich i s  c o n s id e re d  n e g l ig ib le  and T i s  the  
m e ltin g  te m p e ra tu re .

107 107
V alues o f-A H  = 8 .7 9  K J  m ol1 , V0 = 38.9  cm5 mol1 andu 2

'ZV1 = 169 cnr mol ( c a l c u l a t e d ) ,  were u se d . The v a lu e s  o f th e  LHS of
e q u a tio n  1 .15  and th e  c r y s t a l l i s a t i o n  p o in t  d e p re s s io n  fo r  b len d s  of 
PES w ith  PEO o f m o lec u la r w e ig h t 200,000 and 20,000 r e s p e c t iv e ly  are  
g iv en  in  T able 4 .1 1 .



130

Table 4 .11  LHS o f E q u a tio n  1 .1 5 , & AT fo r  PES/PEO Blends

Polyox WSRN 80 Carbowax M20
Vol F rac ­
t io n  o f • 
PES 0̂

C r y s t a l l i ­
s a t io n  Temp­
e r a tu r e  K A T ;K

LHS of Eq. 
1 .1 5

C r y s t a l l i -  j 
s a t io n  Temp­
e r a tu r e  'K

'
AT 'K

LHS of E q . 
1 .1 5

0 .0 '327 .8 325.7
0 .008 3 27 .6 0 .2  - .2 79 - 79 325.6 . l i  .2 39.5 - 79

0 .016 - - 325 .5 .2  ± .2 39.5 - 39.5

0 .0 4 327.1 0 .7  -  .2 5 5 .5  -  16 325 .2 .5  -  .2 43.5  - 17

0 .0 8 3 26 .3 1 .5  -  .2 5 9 .4 5  -  8 324.5 1 .2  i . 2 4 7 .5  - 8
0 .1 7 324 .6 3 .2  -  .2 63.3  - 4 322.9 2 .8  -.2 5 2 .5  - 4
0 .2 5 322 .3 5.5  - .2 69.6  - 2.5

P lo ts  o f th e  LHS o f th e  above e q u a tio n  a g a in s t  0̂ , th e  volume f r a c t io n  
o f PES in  th e  b le n d  a re  shown in  E igure  4 .2 0 . From th e  s lo p e  b, and 
hence X ^ were c a lc u la te d .  The i n t e r c e p t  g iv e s  C/jj, th e  m orpholo­
g ic a l  c o n t r ib u t io n .  The v a lu e s  o f X and C/p o b ta in e d  a t  60°C
f o r  PEO (WSRN 80) (m o le c u la r  w e ig h t 2 x 10^) and Carbowax 20M 
/ 4\(m o le cu la r w e ig h t 2 x 10 ) a re  g iv e n  in  Table 4 .1 2 .

There a re  v e ry  l a r g e  e r r o r s  in h e re n t  in  t h i s  p ro ­
cedure which a re  d i f f i c u l t  to  re d u c e , s in c e  p o in ts  a t  h ig h e r
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N

A p lo t  o f  th e  l e f t  hand s id e  o f Eq. 1 .15  a g a in s t  volume 
f r a c t io n  o f PES {$*) in  b len d s w ith  PEO; (A) PEO WSRN 80 
(M ol. Wt. 200 ,000) and (B) PEO M20 (Mol. Wt. 20T000>.

F ig u re  4 .2 0
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PEO c o n te n t a re  more r e l i a b l e  (due to  l e s s  l ik e l ih o o d  o f su p e rc o o lin g )  
b u t l e s s  a c c u ra te  (due to  low  AT v a lu e s ) .  Along w ith  the  above 
r e s e r v a t io n s  ab o u t th e  e f f e c t  o f m o rp h o lo g ica l c o n tr ib u t io n s  we can, 
th e r e f o r e ,  a t t a c h  v e ry  l i t t l e  s ig n i f ic a n c e  to  th e  a b s o lu te  v a lu e s  of 
A", ex c e p t to  say  t h a t  th ey  ap p ea r to  be n e g a tiv e  which i s  in  agreem ent 
w ith  th e  o b se rv ed  m i s c i b i l i t y  o f th e  two polym ers a t  the  tem p e ra tu re  
o f m easurem ents.

r  cT able 4 .1 2  The V alues o f and r  o b ta in e d  from c r y s t a l l i s a t i o n  p o in t 
d e p re s s io n .

PEO u sed  (m ol.m ass 
g .m ol- -1- a 21 c/ r  (k- 1)

WSRN 80 (2  x 105) -0 .2 0 -5 3
/ 4n Carbowax M20 (2  x 10 )

!

A
-0 .2 3 -3 9

The term  C/^ r e p r e s e n ts  th e  e f f e c t  o f m o rp h o lo g ica l f a c to r s  such  a s  
im p e r fe c tio n s  i n  c r y s t a l s  and  re d u c t io n  in  la m e l la r  th ic k n e s s .  From 
th e  d a ta  i t  seems t h a t  th e  m o rp h o lo g ica l e f f e c t s  a re  la rg e  in  b o th  
c a s e s . c/R  ap p ea rs  to  in c r e a s e  w ith  an in c re a s in g  m o lec u la r w eig h t

88o f PEO. T his i s  c o n tra ry  to  th e  f in d in g s  re p o r te d  by Kwei and F riscn  .
However, th e  d if f e r e n c e s  s h o u ld  be in t e r p r e te d  w ith  c a u tio n  becau se  o f
th e  e r ro rs  in v o lv e d  in  th e  p ro c e d u re . We cou ld  b e t t e r  say  t h a t  th e
m o rp h o lo g ica l e f f e c t s  a re  p ro b a b ly  s im i la r  in  b o th  c a se s .

The m e ltin g  p o in t  d e p re s s io n  e q u a tio n  1 .1 5 , which has been
12Qm o d ifie d  in  term s o f th e  e q u a tio n  o f s t a t e  th e o ry  , i s  g iv en  in  

C hap ter 2 s e c t io n  2 .4 2 . E q u a tio n  2 .107  and 2 .109 (rep ro d u ced  h e re )  
have been u sed  w ith  th e  m e l t in g  p o in t  d a ta  in  Table 4 .11 to  o b ta in  
v a lu e s  o f X12 (X12 = X12 -  Tv Q12) _
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A Hu (Tm°-Tm) An02
- —  “  (1 ~0^RTm° 2 \ 0± 

( W 5 - op *v *2 v2 .a, , v - 2
3*2 ln  ,W5m,

v x

( v  '  ^ -1 ) V, a»v
12 0 1 S

0]R v m2

A Hu (Tm° -  Tin)

%R Tm

C+ — 
R

T
m,

taff,
' 9 1

p * v *r 2- 2 % (V 7 3 -1 )

RSlm2

V2 ^ 1 2  fl“ ^  1R v  m.2

ln  * + 1 1
( ^ 1/3  _ i  j

V2 V

+ C*
R

2.107

2,109

The t o t a l  i n t e r a c t i o n  p a ra m e te rs  were e s t im a te d  f o r  the  m ix tu re s  w ith  
d i f f e r e n t  m o le c u la r  w e ig h ts  o f  PEO. W ith in  th e  range o f d a ta  u se d  i t  
was assumed t h a t  i s  te m p e ra tu re  in d ep en d en t. I f  the  LHS o f e q u a tio n  
2 .107  was p l o t t e d  a g a in s t  0̂  and th e  LHS o f e q u a tio n  2.109 a g a in s t

I
( s i t e  f r a c t io n  o f s p e c ie s  1 ) .  The s lo p e  o f th e  f i r s t  would g iv e

V ® 1 2
ei  ■

------ “t?—m̂ R v >
1

i

as 0̂  ten d s  to  z e ro .

V  x
m2ltV2S

12

The s lo p e  o f th e  second (fro m  e q u a tio n  2 .1 0 9 )would g iv e

2 .1 0 8

V2*SX12
__ %R v nu

v2*sx12
__ t\jR v 2m2 2.110

w hichever above e q u a tio n  i s  u se d , in  o rd e r  to  c a lc u la te  v , a v a lu e  o f 
■ 1̂2 I s needed  to  be u sed  in  e q u a tio n  2 . 68.
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I f  th e  e n tro p y  c o r r e c t io n  p a ra m e te r  i s  zero  then  = X ^  and
th e  e q u a tio n s  can be s o lv e d  i t e r a t i v e l y  b u t i f  i s  n o t  zero  th en
an e x a c t  s o lu t io n  i s  n o t  p o s s ib l e .  I t  was found t h a t  the r e s u l t i n g
v a lu e  o f X ^  was n o t  v e ry  d ep en d en t on th e 1 v a lu e  o f X ^  chosen to
c a l c u l a t e d  and a good e s t im a te  o f  X ^  cou ld  be o b ta in e d  w ith in  a
re a so n a b le  range o f v a lu e s  o f  X ,n . X . ,, , , , , ,& 12 12 was th u s  c a lc u la te d  by a
co m pu ta tio n a l m ethod. The r e s u l t i n g  v a lu e s  o f X ^  fo r  X ^  v a lu e s
o f -2 0 , -40  and -60  J  cm^ a re  g iv e n  in  Table 4 .1 3 .
The ex p e rim e n ta l e r r o r  i n  th e s e  v a lu e s  o f b o th  X ^  and C/r  i s  -  25
p e rc e n t  as e s t im a te d  from  th e  g ra p h s . There a re  a ls o  u n c e r t a i n t i e s
in  th e  i n t e r p r e t a t i o n  o f  th e  o r i g i n  o f C /^ b ased  on the  assu m p tio n
t h a t  m o rp h o lo g ica l c o n t r ib u t io n  w i l l  c o n tr ib u te  to  th e  f r e e  energ y
p ro p o r t io n a l  to  6-j and 0̂  r e s p e c t i v e l y ,  n e i t h e r  o f which may be
v a l i d  a ssu m p tio n s . T h is makes th e  a b s o lu te  v a lu e  o f X ^  v e ry
d o u b tfu l .

4 .7  HEATS OF MIXING
M easurem ent o f th e  h e a ts  o f m ix ing  o f low m o lec u la r w eig h t 

ana log u es i s  th e  m ost s im p le  m ethod o f s tu d y in g  the  i n t e r a c t i o n  
betw een the  two p o ly m ers . T h is may n o t  alw ays g ive r e l i a b l e  r e s u l t s  
due to  d if f e r e n c e s  betw een  th e  h ig h  polym ers and th e  an a lo g u es u se d .
H eats o f m ix ing  o f v a r io u s  co m p o sitio n s  o f low m o lecu la r w eig h t an a lo ­
gues were d e te rm in ed  a t  90°C u s in g  a m o d if ie d  NBS b a tch  type c a lo r i ­
m e t e r ^  (s e e  s e c t io n  3. 51) .

The h e a ts  o f m ix in g  r e s u l t s  f o r  4-phenoxy d ip h en y lsu lp h o n e  (PDS) 
(an  analogue o f PES) w ith  te tra g ly m e  (an  analogue o f PEO) and f o r  PDS 
w ith  an analogue o f th e  phenoxy r e s i n  a re  g iv en  in  Table 4 .1 4  and these  
a re  p lo t t e d  in  F ig u re  4 .2 1 . The p lo t  shows t h a t  fo r  PES/PEO analogues



TABLE 4 .1 3

V alues o f and C/R ( c /R ) o b ta in e d  from m e ltin g  p o in t  d e p re ss io n  r e s u l t s  from 
two d i f f e r e n t  PEO sam ples u s in g  d i f f e r e n t  e s t im a te d  v a lu e s  o f  X ^ .

PEO From th e  LHS o f eq u a tio n  .2.109 a g a in s t  0^
ig mol -3X^2= -2 0  J  cm -3X±2= -40  J  cm X^2 = -60  J  on

_  -3  " lX ^ J  cm C/R o r C '/R  K -3  . . -1J  cm C/R o r C '/R  K X ^ J  cm5 C/R o r C '/R  ^

2 x 104 -4 5  -4 3 -4 5  -4 3 -47 -43

2 x 105 -35  -59 -37  -59 -39  -59

From th e  LHS o f e q u a tio n  2 .107  a g a in s t  0̂

2 x 104 -48  -35 -5 0  -35 53 -35
2 x 105 -4 2  -48 -4 4  -48 -4 6  -48
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th e  h e a ts  o f m ix ing  a re  n e g a t iv e  f o r  a l l  the co m p o sitio n s . T his 
su g g e s ts  a fa v o u ra b le  i n t e r a c t i o n  betw een two polym ers and m is c ib i l ­
i t y .  C le a r ly  th e  e n th a lp ie s  o f  m ix ing  a re  com position  dependent 
and th e  maximum fa v o u ra b le  h e a t  o f  m ixing o b ta in e d  i s  a t  abou t 70 
p e rc e n t  PEO in  th e  b le n d . The h e a t  o f m ix ing  curve i s  skewed tow ards 
th e  h ig h  PEO c o m p o s itio n s . The h e a ts  o f m ix ing  o f the  PDS/phenoxy 
analogue a re ,  how ever, v e ry  c lo se  to  zero  a l b e i t  s l i g h t l y  n e g a t iv e .
In  t h i s  c a s e . th e  phenoxy an a lo g u e  was v e ry  v isc o u s  and t h i s  may have 
caused  problem s d u rin g  m ix in g . Because o f th e  v i s c o s i ty  o f th e  
m a te r ia l s  e r r o r s  in v o lv e d  i n  th e  m easurem ents a re  la rg e  ( -  0 .1  J  g ) .  
The h e a t  o f m ix ing  r e s u l t s  f o r  PES/phenoxy ana logu es su g g e s t t h a t  t h i s  
system  has a v e ry  sm all n e g a t iv e  f r e e  energy  o f  m ix in g . The r e s u l t s  
were u sed  to  c a lc u la te  X .^ , th e  i n t e r a c t i o n a l  energy  p a ram e te r.

T able 4 .1 4  H ea ts  o f M ixing  o f PD S/Tetragiym e and PDS/Phenoxy Analogue

PDsy
C om position

T etrag iym e * PDS/Pheno 
C om position

xy analogue

70/30 -  6.7  -  0.1 90/10 -  0.05  -  0.1
85/15 + .017 -  0.1

72/28 -  0.13  -  0.1
66/34 -  0 .0 8  -  0 .1

50/50 -  9.6  - 0.1 50/50 -  0 .1 8  - 0 .1
- - 34/66 -  0.15 -  0.1

20/80 -  8 .0  - 0 .1 16/84 + .0 2  - 0 .1
15/80 -  4.4  ± 0.1

j 10/90
il

-  3.6  - 0.1 1
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Wt. % PDS

F ig u re  4 .21  A p l o t  o f the  h e a t  o f m ixing (A H  ) a g a in s t  
co m p o sitio n  fo r  m ix tu re s  o f 4-phenoxy d i ­
pheny l s u l  phone (PDS), an analogue o f PES, with 
te trag ly m ej, an analogue of PEO, ( • )  and 
PDS w ith  an analogue o f phenoxy (a ) .
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4 .71  The I n t e r a c t i o n a l  E nergy  P aram eter
To o b ta in  o f  th e  m ix tu re , the t h e o r e t i c a l  h e a t  of 

m ixing e q u a tio n  2 .73  g iv e n  by F lo r y ’ s e q u a tio n  o f s t a t e  th e o ry  -was 
f i t t e d  to  the e x p e rim e n ta l h e a t  o f m ix ing .

AHm = fN V * {0 1 P * / v 1 + 0 2P 2 ^ 2 '  p S / ^ } 2 ,7 3

*P * =  0, P , + 0 2P2 - 0 t 0 2 X12 2.68

To u t i l i s e  th e  h e a t  o f m ix in g  e q u a tio n , the  pure component s t a t e  
p a ra m e te rs , d e n s i t i e s ,  th e rm a l exp an sio n  c o e f f i c i e n t s ,  therm al 
p re s s u re  c o e f f i c i e n t s ,  -which a re  g iv en  in  S e c tio n  4 .5  a re  r e q u i r e d .  
Knowing th e  p u re  component s t a t e  p a ram e te rs  and a guessed  v a lu e  o f 
X fg, one can c a lc u la te  P* o f  th e  m ix tu re  u s in g  e q u a tio n  2 .6 8 . These 
v a lu e s  can be s u b s t i t u t e d  i n  th e  h e a t  o f m ix ing  e q u a tio n  2 .7 3  i n  o rd e r  
to  c a lc u la te  v a lu e s  o f The v a lu e  o f  X ^  was v a r ie d  u n t i l  a
b e s t  f i t  to  th e  e x p e rim e n ta l AH^ v a lu e s  was o b ta in e d . The r e s u l t s  
o f t h i s  f i t t i n g  p ro c e ss  f o r  PES/PEO a re  shown in  F ig u re  4 .2 2  f o r  a

_3v a lu e  o f X^g = -4 0  J  cm . As shown, th e  ex p e rim en ta l h e a t  o f
m ixing  i s  skewed tow ards th e  r e g io n  r i c h e r  in  te tra g ly m e . The 
t h e o r e t i c a l  h e a t  o f m ix ing  cu rv e , on th e  o th e r  hand, i s  more 
sym m etrical which i s  p ro b a b ly  due to  the  f a c t  t h a t  the  th e o ry  
does n o t  tak e  acco u n t o f s p e c i f i c  i n t e r a c t i o n  e f f e c t s  in  the  
m ix tu re . The v a lu e  o f X ^  o b ta in e d  in  t h i s  way f o r  o lig o m eric  
m ix tu re s  was assumed to  be e q u iv a le n t  to  t h a t  o f the  co rre sp o n d in g  
po ly m eric  m ix tu re s  and was u se d  f o r  f u r th e r  c a lc u la t io n s .

For th e  PES ana log u e  (PDS) and Phenoxy analogue F ig u re  4 .23
_3shows t h a t  a v a lu e  o f X ^  = -  1 .5  J  cm g iv e s  a th e o r e t i c a l  curve

s im i la r  to  ex p e rim e n ta l h e a t  o f  m ix ing  cu rv e . Both th e o r e t i c a l  and



For com parisone x p e rim en ta l cu rves a re  sy m m etrica l in  t h i s  c a se , 
t h e o r e t i c a l  cu rves w ith  = -1  and -2  J  cm  ̂ a re  a ls o  shown. 
These curves a ls o  l i e  w ith in  th e  ex p e rim e n ta l e r r o r  o f the  m easure 
m en ts . T his v a lu e  o f X ^  was u se d  to  s im u la te  s p in o d a ls .

F ig u re  4 .2 2  A p lo t  o f the  h e a t  o f m ix ing  (dH ) a g a in s t  
co m p o sitio n  f o r  m ix tu re s  o f te tra g ly m e , an 
ana log u e  f o r  PEO, w ith  4-phenoxy d ipheny l 
su lp h o n e , an analogue fo r  PES. The s o l id  
l in e  fo llo w s  th e  ex p e rim en ta l r e s u l t s ,  the  
dashed l in e  i s  th e o r e t i c a l  r e s u l t  based  on 
e q u a tio n  2 .7 3  and 2 .6 8  w ith  a v a lu e  o f X 
= -4 0  J  cm5 . 12
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F ig u re  4 23  A p l o t  o f th e  h e a t  o f m ix ing  (^Hm) a g a in s t  
c o m p o sitio n  f o r  m ix tu re s  o f an ana log u es o f 
phenoxy r e s i n  w ith  4 -p h en o x y -d ip h en y lsu lp h o n e , 
an ana lo g u e  fo r  PES. The exp erim en ta l p o in ts  
a re  shown w ith  e r r o r  b a rs  and d o tte d  l i n e s  (A) 
w ith  a v a lu e  o f X^2 = - 1 .5 ,  (B) X^2 = -2 and
(C) X^2 = -1.0 J cm3.
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4 .8  SIMULATION OF THE SPINODAL PHASE DIAGRAM
To s im u la te  th e  s p in o d a l  cu rves f o r  m ix tu re s  the  p ro ced u re  

was to  c a lc u la te  a v a lu e  o f  th e  i n t e r a c t i o n a l  energ y  p a ram e te r, X^Q, 
from h e a t  o f m ix ing  d a ta  ( a s  g iv e n  in  S e c tio n  4 .7 l ) .  The c o m b in a to ria l  
e n tro p y  p a ram e te r was th e n  u se d  as an a d ju s ta b le  p aram ete r to  f i t  
th e  minimum o f th e  sp in o d a l to  the  minimum o f th e  cloud  p o in t  cu rv e . 
F in a l ly  th e  f u l l  sp in o d a l cu rve  was c a lc u la te d  u s in g  th e se  v a lu e s
and compared to  the  m easu red  c lo u d  p o in t  cu rv e .

_3U sing th e  v a lu e  o f  = -40  J  cm o b ta in e d  in  th e  p re v io u s
s e c t io n  from th e  h e a ts  o f m ix in g  o f the  PES analogue w ith  th e  PEO ana­
logue a t  90°C, to g e th e r  w ith  th e  d a ta  g iv en  in  T ab les 4 .6 , 4 .7 ,  4 .8 ,  
and 4 .9 ,  th e  sp in o d a l c u rv e s  o f  th e  PES/PEO m ix tu re s  were s im u la te d  
by means o f e q u a tio n  2 .101  u s in g  the  p ro ced u re  g iv en  above.

8
802

V ^ +  (1 Ij/r^ +(P1*V1*/(KT1*))(-D/(v _ ^  /;5)) 

+ P1*V1*D/(RTV2) + p v 1*d/(r t )

+ V X122 0  2 -  V1*X12D e 2 (RT̂ 2)

-  V « 1 2 2 9 2 9M * * 2 ) 2.101

In  th e se  s im u la t io n s  a v a lu e  o f  was chosen to  m atch the  minimum
p o in t  o f th e  sp in o d a l cu rve  to  t h a t  o f th e  c lo u d  p o in t  cu rv e . A

-3  -1c o n s ta n t  v a lu e  o f Q^g = -0 .0 4 8  J  cm K th u s  o b ta in e d  fo r  a v a lu e
_3o f = -40  J  cm was u se d  to  s im u la te  th e  whole sp in o d a l cu rv e .

R e s u lts  o f th e se  s im u la t io n s  to g e th e r  w ith  an ex p erim en ta l c lo u d
-1p o in t  curve fo r  a PEO m o le c u la r  w e ig h t o f 200,000 g mol a re  shown 

in  F ig u re  4 .2 4 . The dependence o f the  sp in o d a l curve on th e  m ole­
c u la r  w eigh t o f PEO i s  a ls o  shown. F ig u re  4 .2 4  shows t h a t  as  th e
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F ig u re  4 .2 4  P lo ts  o f  th e  c loud  p o in t  curve (dashed  l in e )  and 
s im u la te d  sp in o d a l curves fo r  PES-PEO m ix tu re s . 
The c lo u d  p o in t  curve showij i s  fo r  PEO of m ole­
c u la r  w e ig h t 200,000 g.m ol . The s im u la te d  
s p in o d a ls  a re  fo r  PEO m o lec u la r w eight 4000 
g .m o l1 (A ), 20,000 (B) and 200,000 ( c ) .  The 
sp in o d a l cu rv es were c a lc u la te d  u s in g  a v a lu e  
o f X12 = -4 0  J  cm3 and a v a lu e  of = -0 .0 4 8
J  cm3 K a d ju s te d  to  f i t  th e  cloud  p o in t  curve 
a t  i t s  minimum.
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m o lec u la r w eig h t o f PEO d e c re a s e s ,  the  range o f m i s c i b i l i t y  o f th e  
m ix tu re  in c re a s e s  by o n ly  a  few  d eg rees which i s  c o n s is te n t  w ith  
th e  ex p e rim en ta l o b s e r v a t io n s .  The shape o f the  s im u la te d  sp in o d a ls  
and th e  p o s i t io n  o f th e  minimum a re  l a r g e ly  as a r e s u l t  o f th e  v a lu e  
o f S2/g^ and i t s  e f f e c t  on th e  l a s t  th re e  term s o f e q u a tio n  2 .1 0 1 .

In  th e  case where = 0 i s  u sed , a v a lu e  o f = -1 8  J  cm 
(=  X .^) i s  r e q u i r e d  to  s im u la te  th e  sp in o d a l cu rv es . The s im u la te d  
sp in o d a l cu rves f o r  v a r io u s  m o le c u la r  w eig h ts  o f PEO u s in g  t h i s  v a lu e  
o f a re  shown in  F ig u re  4 .2 5 . The v a lu e  o f X ^  from the  m e ltin g  
p o in t  d e p re s s io n  m ethod a s  g iv en  in  Table 4 .1 3 a re  l a r g e r  th a n  t h i s  
v a lu e . T his co u ld  e i t h e r  be e x p la in e d  by th e  la rg e  random and 
s y s te m a tic  e r r o r s  in h e r e n t  i n  t h i s  m ethod o r by the  f a c t  t h a t  t h i s  
v a lu e  was o b ta in e d  betw een 30 and 40°C below  the  phase boundary . In  
many system s X ^  h as been  fo u nd  to  d ec rea se  w ith  tem p e ra tu re .

The s im u la te d  s p in o d a ls  by b o th  th e se  methods l i e  w e ll 
in s id e  th e  o b se rved  c lo u d  p o in t  c u rv e . T his may be due to  the  
f a c t  t h a t  th e  c lo ud  p o in t  curve  ap p ro x im ates  much more c lo s e ly  to  
th e  b in o d a l .  The m o b i l i ty  o f th e  polym ers in  t h i s  system  i s  v e ry  
h ig h  and th e  phase s e p a r a t io n  p ro c e s s  i s  r e a d i ly  r e v e r s ib le  on 
a n n e a lin g  below  th e  c lo u d  p o in t  w hich a g ree s  w ith  t h i s  i n t e r p r e t a t i o n .

F ollow ing  a p ro ce d u re  s im i l a r  to  t h a t  u sed  fo r  PES/PEO
-3m ix tu re s  and u s in g  th e  v a lu e  o f = -  ''’1 .5  J  cm o b ta in e d  from 

th e  h e a ts  o f m ix ing  o f PES ana log u e  w ith  phenoxy analogue a t  90°C, 
to g e th e r  w ith  th e  d a ta  g iv e n  in  S e c t io n  4 .5 ,  the  sp in o d a l cu rv es o f 
PES/phenoxy m ix tu re s  were s im u la te d  by means o f e q u a tio n  2 .1 0 1 .Curves

_3were a ls o  s im u la te d  f o r  v a lu e s  o f  X ^  = -2  and -3  J  cm f o r  com parison 
The r e s u l t s  o f th e se  s im u la t io n s  to g e th e r  w ith  an ex p e rim en ta l c loud  
p o in ts  a re  shown in  F ig u re  4 .2 6 . Mien X ^  = - 1 .5  J cm^ was u sed  a
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F ig u re  4 .25 P lo ts  o f  th e  s im u la te d  sp in o d a ls  fo r  PES w ith  PEO 
of m o le c u la r  w eig h t 4000 g mol^ (A) 20,000 g mol^ 
(B) and 200 ,000  g mol'*' (C ). These were c a lc u la te d  
assum ing = 0 and an a d ju s te d  v a lu e  ( X .^)
o f -1 8  J  cm3.
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F ig u re  4 .2 6  P lo ts  o f the  s im u la te d  sp in o d a ls  fo r  PES w ith  phenoxy 
r e s i n .  These were c a lq u la te d  w ith  = - 1 .5  (A ),
- 2 .0  (B) and - 3 .0  J  cm-5 ( c ) ,  and a v a lu e  o f Q^0 = 
0 .0 0 27 , —0.00373  and 0.00575 J em^ r e s p e c t iv e ly  
a d ju s te d  to  f i t  the  c loud  p o in t  curve a t  i t s  minimum. 
E x p e rim en ta l c lo u d  p o in ts  a re  shown w ith  e r r o r  b a rs .
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* 9 lv a lu e  o f = - 0.0027 Jcm^ K was n e c e s s a ry  to  s im u la te  the  s p in o d a l .  
For a v a lu e  o f  X ^  = - 2  J  cm^ = 0 .0038  J  cm^ and fo r  a v a lu e  o f 

= -3 J  cm"5, a v a lu e  o f = -0 .0 0 5 7 5  J  cur K gave sp in o d a ls  to  f i t
th e  c loud  p o in t  cu rv e . Thus i t  seems fo r  a sm a lle r  v a lu e  o f X .^ , a 
sm a lle r  v a lu e  o f was r e q u i r e d .  The b e s t  f i t  to  the  e x p e rim en ta l

_3c lo u d  p o in t  was o b ta in e d  w ith  a  v a lu e  o f X ^  = - 2 .0  J  cm and =
-3  -1-0 .0 0 3 8  J  cm K . A d e c re a se  i n  X ^  makes th e  sp in o d a l f l a t t e r  . 

and an in c re a s e  makes i t  s h a r p e r .  In  th e se  c a lc u la t io n s  th e
m o lec u la r w eig h t o f PES and phenoxy were tak en  as 20 ,000 . The 
e f f e c t  o f in c re a s in g  th e  m o le c u la r  w eig h t o f phenoxy by a f a c to r  o f 
two was checked . I t  was fo u n d  t h a t  a v a lu e  o f  40,000 w il l  make th e
sp in o d a l curve much f l a t t e r  and skewed tow ards th e  h ig h e r  m o lec u la r

22w eig h t com ponent, which i s  i n  ag reem en t w ith  o th e r  f in d in g s  . An 
in c re a s e  i n  th e  m o le c u la r  w e ig h t o f  phenoxy r e s i n  to  30,000 and a  
co rre sp o n d in g  change in  th e  v a lu e  o f segm ental r a t i o ,  r ^ / r ^ ,  d id  n o t  
make s i g n i f i c a n t  changes in  th e  s im u la te d  sp in o d a l cu rv e . A change 
in  th e  v a lu e  o f  th e  c o e f f i c i e n t  o f  therm al expansion  o f e i t h e r  com­
p on en t changes .the shape o f  th e  sp in o d a l and moves i t  up o r 
down. In  t h i s  case th e  minimum o f  th e  c lo u d  p o in t  i s  a t  185°C and 
th e r e f o r e  th e re  i s  la r g e  d o u b t in  th e  oc v a lu e  f o r  th e  phenoxy component 
because o f th e  low er Tg o f phenoxy. G e n e ra lly  ct v a lu e s  q uo ted  a re  fo r  
th e  g la s s y  c o n d it io n . T h is v a lu e  can change r a p id ly  above th e  g la s s

S2t r a n s i t i o n  te m p e ra tu re . A change in  the  v a lu e  o f from 1 .0 8  to
bl

1 .0 4  d id  n o t  seem to  have much e f f e c t  on the  c a lc u la te d  sp in o d a l in  
t h i s  c a se .

C o n sid erin g  th e  l a r g e  e r r o r s  in v o lv e d  in  th e  h e a t  o f m ixing 
m easurem ent, th e  s im u la te d  s p in o d a ls  app ear to  have an e x c e l le n t  f i t  
w ith  th e  e x p e rim e n ta l c u rv e .
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4 .9  SORPTION OF WATER VAPOUR
The w ate r vapo ur s o r p t io n s  o f PES/PEO and PES/phenoxy b len d s  

were m easured u s in g  th e  s ta n d a r d  McBaine and Bakr type q u a r tz  s p i r a l  
b a la n c e . The d e t a i l s  a re  g iv e n  in  S e c tio n  3*6.

The s o r p t io n  is o th e rm s  a t  30°C f o r  PES, PEO (amorphous) 
( c a lc u la t e d ) ,  PEO ( p a r t i a l l y  c r y s t a l l i n e )  (e x p e rim e n ta l)  and, 9 5 /5 , 
9 0 /1 0 , 8 0 /2 0 , 70/30  and 6 0 /4 0  PES/PEO b len d s  a re  g iv en  in  F ig u re  4 .2 7 . 
The e r r o r s  in v o lv e d  in  th e  m easurem ent o f th e  w ate r re g a in  were n e g l i ­
g ib l e .  The g r e a t e s t  e r r o r s  were i n  the  m easurem ent o f p re s s u re  (e sp e c ­
i a l l y  a t  low er a c t i v i t i e s )  and  a re  r e f l e c t e d  in  the e r r o r s  o f th e  X 
p aram ete r c a lc u la te d  as d e s c r ib e d  in  S e c tio n  1 .4 3  and g iv en  in  Table 
4 .1 6 .

PEO i s  a c r y s t a l l i n e  polym er and th e  iso th e rm  in  F ig u re  4 .2 7
(d o t te d  l in e )  r e f e r s  to  th e  amorphous phase c a lc u la te d  on the  assum ption
t h a t  th e  degree o f  c r y s t a l l i n i t y  i s  u n a f f e c te d  by th e  s o rp t io n  o f w ate r.
T h is assu m ptio n  i s  c le a r l y  n o t  v a l i d  a t  the  h ig h e r  a c t i v i t i e s  where
e v e n tu a l ly  com plete d i s s o l u t i o n  o f  th e  c r y s t a l l i t e s  o c c u rs .F o r  t h i s
re a so n  th e  iso th e rm  fo r  th e  amorphous c o n te n t i s  o n ly  g iv en  fo r
low er a c t i v i t i e s  where d i s s o l u t i o n  o f c r y s t a l l i t e s  i s  l e s s  l i k e l y .
For th e  amorphous PEO is o th e rm , th e  PEO was c o n s id e red  to  have 50

107w eig h t p e r c e n t  c r y s t a l l i n i t y  . The le v e l  o f s o rp t io n  f o r  th e  PES 
and f o r  th e  PES/PEO b le n d s  a re  s im i l a r  up to  a c t i v i t i e s  o f a p p ro x i­
m a te ly  0 .6 .  A t a c t i v i t i e s  g r e a t e r  th a n  0 .6 ,  s o rp t io n  a t  a g iv en  
a c t i v i t y  in c re a s e d  m o n o to n ic a lly  w ith  th e  amount o f PEO in  the
b le n d . A s im i la r  s o r p t io n  iso th e rm  was o b ta in e d  fo r  a PEO /poly- 

146u re th a n e  m ix tu re  . W ater r e g a in s  l e s s  th an  f o r  PES were n o t  
o bse rved  fo r  any o f th e  b le n d s  a t  u n i t  o r  low er a c t i v i t i e s  as had 
been r e p o r te c i^  f o r  80 /20  and 90/10  PES/PEO b len ds a t  u n i t  a c t i v i t i e s .
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0 .1 2  0 .1 4  0 .6  ' 0 .8  P /P 0
F ig u re  4 .2 7  P lo ts  o f  w t. fo s o rp t io n  a g a in s t  r e l a t i v e  vapour 

p re s s u re  o f w a te r  fo r  (A) PES, ( g) PEO (sem i­
c r y s t a l l i n e ) ,  (h ) PEO amorphous and PES:PE0 b len d s 
a t  (B) 9 5 :5 , (c) 9 0 :1 0 , ( d) 80:20  (E) 70:30 and ( f ) 
60:40  w eig h t r a t i o .
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S o rp tio n  iso th e rm s  were n o t  o b ta in e d  fo r  b len d s c o n ta in in g  more than  
40 p e rc e n t  PEO, b ecause  c r y s t a l l i t e s  i f  p r e s e n t  in  the  b len d  would 
have co m p lica ted  th e  i n t e r p r e t a t i o n  o f the  r e s u l t s .  As m entioned  
e a r l i e r  (S e c t io n  4 .2 )  th e  c r y s t a l l i s a t i o n  and m e ltin g  p o in t  b eh av io u r 
o f b len d s  showed no i n d i c a t io n  o f  PEO c r y s t a l l i s a t i o n  up to  t h i s  v a lu e , 
A t h ig h e r  f r a c t io n s  o f PEO th e re  i s  ev id en ce (fro m  th e  m e ltin g  endotherm ) 
o f some degree  o f c r y s t a l l i s a t i o n  o f  th e  PEO component.

The e f f e c t  o f  te m p e ra tu re  on th e  s o rp t io n  o f w ater vap o ur was 
s tu d ie d  fo r  th e  80/20 PES/PEO b le n d . Iso th e rm s o b ta in e d  a t  30, 40 
and 50°C were v i r t u a l l y  c o in c id e n t  over the  e n t i r e  range o f a c t i v i t i e s  
as shown in  F ig u re  4 .2 8 , i n d i c a t in g  t h a t  the  h e a t  o f s o rp t io n  i s  c lo s e  
to  th e  h e a t  o f c o n d e n sa tio n  o f  w a te r .

The shapes o f  th e  iso th e rm s  a t  low er a c t i v i t i e s  were n o t 
m easured  w ith  s u f f i c i e n t  a c c u ra c y  to  d e te c t  any i n i t i a l  Langmuir 
type c u rv a tu re  a s s o c ia te d  w ith  s p e c i f i c  l o c a l i s e d  i n t e r a c t i o n s .

For th e  homogeneous b le n d s  the  e x p e rim en ta l iso th e rm s l i e  
below  t h a t  p r e d ic te d  by th e  a d d i t i v i t y  r u l e ,  c a lc u la te d  u s in g  a 
PEO iso th e rm  f o r  th e  am orphous p h a s e . T y p ica l exam ples a re  shown 
in  F ig u re  4 .2 9 . The u n c e r t a i n t y  in  th e  iso th e rm  fo r  th e  PEO 
amorphous phase w il l  be r e f l e c t e d  in  th e  iso th e rm  p re d ic te d  by 
th e  a d d i t i v i t y  r u le  a t  h ig h e r  a c t i v i t i e s  because  the  p e rce n ta g e  
o f c r y s t a l l i n e  phase i s  u n c e r t a i n .  For t h i s  re a so n  the l a t t e r  i s  
g iv en  f o r  the  low er a c t i v i t i e s  o n ly .

The e f f e c t  o f p h ase  s e p a r a t io n  on th e  iso th e rm  i s  shown 
in  F ig u re  4 .30  f o r  an 80/20 PES/PEO m is c ib le  b le n d  a t  30°C. P hase 
s e p a r a t io n  p roduced  by h e a t in g  a t  150°C and c h i l l i n g ,  r e s u l t e d  in  
an in c re a s e d  re g a in  a t  h ig h e r  a c t i v i t i e s  c o n s is te n t  w ith  th e  form a­
t io n  o f PEO r i c h  domains w ith  a w ate r r e g a in  more c h a r a c t e r i s t i c  o f
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P lo t s  o f  fo s o rp t io n  a g a in s t  the a c t i v i t y  o f 
w a te r  f o r  80/20  (w e ig h t r a t i o )  PES/PEO m is­
c ib l e  b le n d s  a t  3 0 ° (* ) , 40°(#) and 50°C(B) .

F ig u re  4 .28
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F ig u re  4 .2 9  S o rp t io n  iso th e rm s fo r  PESsPEO a t  70:30
(A) and 60:40 (B ) w t . r a t i o .  E x p erim en ta l 
iso th e rm s  ( s o l i d  l in e )  compared to  tho se  
c a lc u la te d  by a d d i t i v i t y  r u l e .
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b u lk  PEO. There was no s i g n i f i c a n t  e x t r a c t io n  o f PEO from the  phase  
s e p a ra te d  b le n d  a f t e r  p ro lo n g e d  so ak in g  in  w a te r c o n s is te n t  w ith  
d i s c r e te  PEO r i c h  domains d is p e r s e d  in  a PES continuum .

E s tim a te s  o f th e  av e rag e  d i f f u s io n  c o e f f ic i e n t s  were
o b ta in e d  from th e  h a l f  tim e  e x p re s s io n  u s in g  th e  p lo t s  o f

JL
t 'a .a g a in s t  (y  ) f o r  s o r p t io n .  The s o l u b i l i t y  and th e  p e rm e a b il i ty

c o e f f i c i e n t s  were c a lc u la t e d  from  th e  s o rp t io n  d a ta  u s in g  e q u a tio n s
g iv en  in  S e c t io n  3*6. The d i f f u s io n  s o l u b i l i t y  and p e rm e a b il i ty  co -

-6  , -8  .e f f i c i e n t s  o b ta in e d  were i n  th e  ran ge  1 x 10 (PEO) to  5 x 10 (PES)
cm^ sec  , 8 .4 6  (PEO) to  5 .3 7  (PES) cc, cm^ (cm Hg^) and 8 .1  x 10 (PEO)

-7  -1  2 -1to  2 .9  x 10 (P E S )c .c  (STP) cm se c  cm (cm Hg) r e s p e c t iv e ly  (see
Table 4 .1 5 )
TABLE 4 .1 5  D if fu s io n .  P e r m e a b i l i ty  and S o l u b i l i t y  Coeffa.gj.entso:f. 

PES/PEO B lends

• B lend Composi­
t io n A c t iv i ty

A verage
D if f u s io n
C o e f f ic ie n t
am2s e c “ ^

A verage
P e rm e a b il i ty
C o e f f ic ie n t
cc(STP) cm , -1  2/ „ - l \  sec  Acm (cm Hg )

A verage 
S o l u b i l i t y  Co­
e f f i c i e n t  
cc . cm""-̂ ( cm Hg- 1 )

100$ PES 0 .1 8 5.5  x 108 2.9  x 107 5 .3 7
9 0 / lo  PES/PEO .084 6.8  x 108 3 .4  x 107 5 .0 4
8O/20  PES/PEO .06 6.8  x 108 5.2  x 107 7.68

70/30 PES/PEO .097 I .96  x  108 1.5  x 107 8.0

60/40 PES/PEO .084 1.12  x  107 9 x 107 8 .1 3
100$ PEO 
(Amorphous)

0.12 O.96  x  106 8.1  x  106 8 .4 6
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From th e  s o r p t io n  d a ta  o f pure PES and PEO and e q u a tio n  
1 .1 3 ’, the  i n t e r a c t i o n  p a ra m e te r  X .^  Xj^ f o r  H^O/PES and

HgO/PEO were found to  be 2 .6 6  and 2 .2 2  r e s p e c t iv e ly .  Knowing
tand X̂ and th e  s o r p t io n  f o r  d i f f e r e n t  b le n d  com positions X ^  

v a lu e s  were c a lc u la te d  u s in g  e q u a tio n  1 .1 2 . These v a lu e s  o f X

f o r  d i f f e r e n t  b len d  co m p o sitio n s  a t  v a r io u s  a c t i v i t i e s  a re  g iv en  
in  T able  4 .1 6 . L arge e r r o r s  a re  in v o lv e d  in  th e  p re s s u re  m easu re -

tm ents e s p e c i a l ly  a t  low  a c t i v i t i e s .  The e r r o r s  in  th e  v a lu e s
due to  e r r o r s  i n  p re s s u re  w ere c a lc u la te d  and a re  a ls o  g iv en  in  
T able 4 .1 6 . A mean v a lu e  o f  was found by w eig h ting

T able  4 .1 6  I n t e r a c t i o n  P a ra m e te r  V alues a t  D if f e r e n t  A c t i v i t i e s  
fo r  9 0 /1 0 t 8 0 /2 0 , 70 /30  and 60/40 PES/PEO B lends

B lend
C om position
PES/PEO

W ater Vapour 
A c t i v i t y -  E r r o r

90/10 0 .2 7 - 0.33  - 2.5
0 .4 9 - 0.99 -  1.3
0.60 -0 .4 7  -  1 .2

80/20 0 .3 6 -0 .4 7  -  1 .2 6
0.60 - 0.61 t 0.76

70/30 0 .3 8 - 0 .8  - 0 .6 6
0 .5 1 -0 .4 3  -  0 .6 5
0.60 -0 .7 9  -  0 .6 2

60/40 0 .3 7 -0 .8 6  t 0 .7 4
0 .5 0 -0 .5 5  -  0 .5 8

C a lc u la te d  mean -0 .6 4  t 0 .2 6
(See t e x t )
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each  r e s u l t  a c co rd in g  to  : w.̂  = (E r ro r )  and so t h a t“2

X' = VjL
23 2/w.

4 .1 3

and a w e ig h tin g  f o r  t h i s  a v e ra g e  g iv en  by

w = 2W!|
t +T h is gave a r e s u l t  X^ ~ -0*64  -  0 .2 6 . Because o f the  la r g e

e r r o r s  in v o lv e d  in  th e  e x p e r im e n ta l  p ro ced u re  we cannot p u t any em phasis 
on th e  a c tu a l  num bers e x c e p t  to  sa y  t h a t  th e  PES/PEO i n t e r a c t i o n  p a r a - ' 
m e ter i s  n e g a tiv e  which i s  i n  agreem ent w ith  th e  observed  m i s c i b i l i t y  
and n e g a tiv e  v a lu e s  o b ta in e d  from  the  m e ltin g  p o in t  d e p re ss io n  d a ta  
(S e c t io n  4 .6 ) .
For com parison w ith  o th e r  d a ta  a v a lu e  o f o f -0 .6 4  i s  e q u iv a le n t
to  a v a lu e  o f X ^  o f -3 4  -  14 J  cm3 which i s ,  w ith in  ex p e rim e n ta l 
e r r o r s ,  s im i la r  to  t h a t  o b ta in e d  from m e lt in g  p o in t  d e p re ss io n  d a ta .

The s o r p t io n  o f w a te r  vap o ur in  PES/phenoxy m ix tu re s  was 
n o t  s tu d ie d  in  such  d e t a i l  as  f o r  PES/PEO m ix tu re s . The s o rp t io n  
iso th e rm s  a t  30°C f o r  PES, phenoxy, 7 0 /3 0  and 5 0 /5 0  PES/phenoxy 
b len d s  a re  g iv e n  in  F ig u re  4 .3 1 -  The s o rp t io n  iso th e rm s were a g a in
s im i la r  up to  a c t i v i t i e s  o f  0 .6 .  For a c t i v i t i e s  g r e a te r  th a n  0 .6 ,
th e  w a te r re g a in s  in c r e a s e d  w ith  in c re a s in g  phenoxy c o n te n t o f th e  
b le n d . None o f th e  b le n d s  t e s t e d  showed w ate r re g a in s  l e s s  th an  
PES. The polym er-polym er i n t e r a c t i o n  p a ram e te rs  fo r  70/ ^ q and 
50/rjQ PES/phenoxy b le n d s  c a lc u la t e d  from s o rp t io n  a t  d i f f e r e n t  
a c t i v i t i e s  o f  w a te r v ap our a re  g iv e n  in  T able 4 .1 7 . The averag e  
v a lu e  found was - 0.15 -  .2 1 , w hich a g a in  i s  a  n e g a tiv e  v a lu e

tim p ly ing  m i s c i b i l i t y  o f t h i s  sy stem . T h is v a lu e  o f i s
+e q u iv a le n t  to  a v a lu e  o f X ^  o f -9  -  12 J  cm , which c o n s id e r in g
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’ig u re  4 .3 0 P lo t s  o f % S o rp tio n  a g a in s t  a c t i v i t y  o f 
w a te r  f o r  80/20  PES/PEO b len d  b e fo re  (A) and 
a f t e r  phase s e p a r a t io n .(B ) .

F ig u re  4 .31  P lo t s  o f fo s o rp t io n  a g a in s t  a c t i v i t y  o f  
w a te r fo r  (A) PES, (B) phenoxy, and PES/ 
phenoxy b len d s  a t  (c ) 70:30 and (D) 50:50 
w eig h t r a t i o .

a
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th e  e r r o r s  in v o lv e d  a g re e s  -with th e  p re v io u s  e s t im a te s .
The r e s u l t s  show t h a t  the  w ate r a b s o rp t io n  in  PES/PEO and 

PES/phenoxy b len d s  over th e  whole o f the  a c t i v i t y  and com position  
range was alw ays g r e a t e r  th a n  f o r  pure PES. The r e s u l t s  th u s  do 
n o t  ag ree  w ith  p re v io u s ly  r e p o r te d  f in d in g s  o f l e s s  w ater a b s o rp t io n  
by some PES/PEO b len d s  and th e s e  b le n d s  a re  n o t  u s e fu l  to  reduce 
w a te r a b s o rp t io n  o f  PES i t s e l f .

T able  4 .17  ^23 I n t e r a c t i o n  P a ram e te r V alues a t  D if f e r e n t  A c t i v i t i e s
F or 70/30  and 50 /50  PES/Phenoxy B lends

B lend C om position  
PES/Phenoxy

W ater Vapour 
A c t i v i t y

j t  ,23 - E r ro r

70/30 0 .1 5 -  0 .3 4  -  1 .8 6
0 .3 4 -  0 .1 0  -  1 .1
0 .5 4 -  0 .072  - 0 .6 8
0 .6 7 -  0.21 t 0.55
0 .8 1 -  0 .0 2  t o .4 6

50/50 0 .1 4 -  0 .2 1  - 20
0 .2 5 -  0 .2  - 0 .7 5
0 .4 1 -  0 .4 4 * - 0 .8 0

\ 0.49 -  0 ,2 6  -  0 .6
0 .6 4 -  0 .058  ± 0 .5

C a lc u la te d  mean -  0 .1 5  -  0 .2 1
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CHAPTER 5 

DISCUSSION

The r e s u l t s  o f  th e  m i s c i b i l i t y  s tu d ie s  o f p o ly e th e rsu lp h o n e  
w ith  two d i f f e r e n t  p o ly m ers , p o ly (e th y le n e  oxide) and phenoxy r e s i n  
have been p re s e n te d  in  th e  p re v io u s  C h ap ter. The r e s u l t s  ap p ea r to 
c o r r e la te  w ith  th e  c u r r e n t  t h e o r ie s  o f polym er-polym er m i s c i b i l i t y  
and a re  f u r t h e r  d is c u s s e d  b elo w . O th er polym ers were found n o t  to  
be m is c ib le  w ith  PES and th e  re a so n s  f o r  t h i s  are  a ls o  c o n s id e re d .
5 .1  BLEND PREPARATIONS

The s o lv e n ts  u s e d  f o r  p r e p a r a t io n  o f b len d s were s e l e c t e d  
on th e  b a s is  t h a t  th e y  d is s o lv e d  b o th  th e  polym ers and d id  n o t  cause 
phase s e p a r a t io n  on m ix in g . Cyclohexanone d is s o lv e d  PES o n ly  a t  
te m p e ra tu re s  above 70 -  80°C and th e r e f o r e  phase s e p a r a t io n  s tu d ie s  
were l im i te d  to  te m p e ra tu re s  above 8 0 °C.

S im ila r  phase s e p a r a t io n  s tu d ie s  cou ld  have been p o s s ib le  
u s in g  d im ethylfo rm am ide, th e  o th e r  s o lv e n t  u sed  in  t h i s  work b u t 
t h i s  was n o t  a tte m p te d . A m a jo r problem  f o r  th e  so lv e n ts  used,DM Fand 
cyclohexanone, was th e  d i f f i c u l t y  in  a t t a i n i n g  com plete rem oval o f 
them from c a s t  f i lm s .  I t  was found  e s s e n t i a l  to  leav e  th e  f i lm s  o f 
PES/PEO o r PES/phenoxy b le n d s  a t  50°C u n d er vacuum fo r  a t  l e a s t  two 
to  th re e  weeks f o r  com plete  rem oval o f s o lv e n ts .  R esid u a l s o lv e n t  
in  th e  f i lm  can a f f e c t  th e  g la s s  t r a n s i t i o n  r e s u l t s  by h av ing  a 
p l a s t i c i s i n g  e f f e c t .

The u se  o f c h lo r in a te d  s o lv e n ts  was v e ry  a t t r a c t i v e  be­
cause o f th e  f a s t  rem oval o f s o lv e n t  from th e  b le n d . Both PES and
PEO were found to  d is s o lv e  in  d ich io ro m eth an e  and ch lo ro fo rm  b u t 
form ed a p r e c i p i t a t e  when m ixed . T h is may have been due to  th e .d j .f f_
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erences in  p o ly m e r /s o lv e n t an d  polym er-polym er i n t e r a c t i o n s .
The o r ig in  and sh ape  o f th e  th re e  components (PES/PEO/ 

cyclohexanone) phase d iag ram  shown in  F ig ure  4 .2  cou ld  be a t t r i b u t e d  
to  (a )  the  s t r e n g th  o f p o ly m er-p o lym er i n t e r a c t io n s  in  p re fe rn c e  to  
th e  p o ly m e r-so lv e n t i n t e r a c t i o n s  and (b) the d if fe re n c e  in  th e  s t r e n g th s

IT Io f  th e  two s e p a ra te  p o ly m e r-s o lv e n t  i n t e r a c t i o n  p aram ete rs  i e .  on th e  AX' 
e f fe c ts (A ^  =X_^ -X ) .  T h e o r e t ic a l  s im u la tio n s  by Zeman and P a tte r s o n ^  
showed t h a t  a t  h ig h  c o n c e n tr a t io n s  th e  polym er in c o m p a t ib i l i ty  i s  a s ­
s o c ia te d  w ith  th e  p o lym er-p o ly m er i n t e r a c t i o n  ( X ^ )  con“' •
c e n t r a t io n  i t  i s  m a in ly  due to  d if f e r e n c e s  betw een X ^  and X ^ .
Robard e t  a l ^ ^  co n firm ed  t h i s  "^X »» e f f e c t  fo r  p o ly s ty re n e /p o ly (v in y l  
m ethyl e t h e r ) .  They found  a  c lo s e d  two phase re g io n  as p re d ic te d  by 
th e  " AX"  e f f e c t  f o r  t h i s  sy s tem . A ccord ing  to  th e  a u th o rs , a homo­
geneous system  i s  a t t a i n e d  o n ly  w ith  a s u i t a b ly  sm all "Ax " i n  a d d itio n  
to  th e  n e c e s s a ry  re q u ire m e n t o f a v e ry  sm all i n t e r a c t i o n  p a ram e te r 
Xg . I t  i s  th o u g h t t h a t  " AX" e f f e c t s  a re  re s p o n s ib le  fo r  th e  phase 
d iagram  o b ta in e d  in  th e  p r e s e n t  sy s tem . The skewness o f the  phase  d ia ­
gram i s  p e rh ap s  due to  th e  la r g e  d i f f e r e n c e s  in  th e  two p o ly m e r-so l-

45v e n t  i n t e r a c t i o n s  s im i la r  to  A h ro n i’ s s p e c u la t io n  . The d i r e c t io n
o f th e  t i e  l i n e s  in  F ig u re  4 .2  a ls o  s ig n i f y  a "AX m e f f e c t .

PES/PEO c o m p o sitio n s  i n  dim ethylform am ide and mixed
N -m e th y l-2 -p y rro lid e n e  and . d ich io ro m eth an e  . a ls o  showed phase
s e p a r a t io n  on h e a t in g  and w ould have g iv en  r i s e  to  two phase re g io n s
in  th e  m u lti  component phase  d iag ram . S im ila r  e f f e c t s  have been
re p o r te d  fo r  polym ers d is s o lv e d  i n  m ixed s o lv e n t  y and m ixed polym ers

149d is s o lv e d  in  c o - s o lv e n t  . The above o b s e rv a tio n s  e x p la in  th e  two 
phase re g io n s  o f many polym er m ix tu re s  p re p a re d  from th e se  s o lv e n ts  
and shows phase s e p a r a t io n  on h e a t in g  to  be a common fe a tu re  o f th e se



159

s o lu t io n s .
5 .2  POLYMER-POLYMER MISCIBILITY

G eneral therm odynam ic re a so n s  f o r  the  polym er-polym er
m i s c i b i l i t y  have been g iv e n  in  S e c t io n  1 .1 .  A m a jo r i ty  of polym er
p a i r s  "which show s p e c i f i c  i n t e r a c t i o n s  r e s u l t i n g  in  fa v o u ra b le  h e a ts

151 42 150 75o f m ix ing  have been found  to  be m is c ib le  ’ ’ * . S t r u c tu r a l
39 14s i m i l a r i t y  h as been  d e s c r ib e d  as  th e  o th e r  re a so n  fo r  m i s c i b i l i t y  

In  th e se  cases  th e  po lym ers w ith  sm all u n fav o u rab le  h e a ts  o f m ix ing  
co u ld  be m is c ib le  i f  th e y  a re  ou tw eighed  by fa v o u ra b le  e n tro p ie s  o f  
m ix in g .

In  t h i s  work PES/PEO m ix tu re s  and PES/phenoxy m ix tu re s  have 
been found to  be m is c ib le .  Overwhelming ev iden ce  o f m i s c i b i l i t y  has 
been p re s e n te d  by th e  o b s e r v a t io n  o f  o p t i c a l  c l a r i t y ,  s in g le  Tg o f 
th e  b len d  com p o sitio ns and  phase  s e p a r a t io n  on h e a t in g .  Low mole­
c u la r  w eig h t an a lo g u es o f PES and  PEO have been found to  g iv e  la r g e  
n e g a tiv e  h e a ts  o f m ix in g . T h is showed t h a t  the  m i s c i b i l i t y  o f PES 
and PEO m ix tu re s  r e s u l t s  from  th e  s tro n g  s p e c i f i c  i n t e r a c t i o n s .
I n  th e  case o f PES/phenoxy m ix tu re s ,  th e  h e a ts  o f m ix ing  o f th e  
low  m o lec u la r w eig h t a n a lo g u es  were v e ry  sm a ll , a l b e i t  fa v o u ra b le .

The p o ly e th e rsu lp h o n e  r e p e a t  u n i t  c o n ta in s  two a ro m a tic  
r i n g s ,  one e th e r  oxygen i n  betw een  two a ro m a tic s  and one s tro n g  e le c ­
t ro n  w ithd raw ing  su lphone g ro u p . Due to  t h i s  i t  can a c t  as  an e le c t ro n  
a c c e p to r .  I n  th e  case  o f  PEO e v e ry  t h i r d  atom along  th e  polym er 
backbone i s  an oxygen atom h av in g  two u n sh a red  p a i r  o f e le c t r o n s .  
Because o f  t h i s  i t  can a c t  as an e le c t r o n  donor. Thus when PES and 
PEO a re  m ixed to g e th e r  s t ro n g  s p e c i f i c  i n t e r a c t i o n  between donor- 
a c c e p to r  m o lecu le s  can be e x p e c te d  to  tak e  p la c e  and th e  polym ers are 
found to  be m is c ib le .  I t  i s  n o t  c e r ta i n ,  which groups o f the
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PES m olecu le  i n t e r a c t  w ith  PEO. I t  i s  p o s s ib le  t h a t  the i n t e r ­
a c t io n  i s  betw een tt e l e c t r o n s  o f  th e  a ro m atic  groups w ith  two 
e th e r  oxygen e le c t r o n s  o f th e  PEO. n-TT i n t e r a c t io n s  betw een f r e e
e le c t r o n s  o f th e  e s t e r  g ro up  and th e  a ro m atic  r in g  between b enzene-

152e s t e r  m ix tu re s  were r e p o r te d  by G r o l l i e r  e t  a l  . S im ila r  i n t e r ­
a c t io n s  betw een a ro m a tic  m o ie t ie s  o f p o ly s ty re n e  and p o ly (v in y l 
m ethyl e th e r )  have been p o s t u l a t e d  . Cruz e t  a l  have su g g e s ted  
th e  p o s s i b i l i t y  o f n-7T com plex fo rm a tio n  betw een the  e le c t ro n s  o f  
e s t e r  carbo n yl g roups and th e  a ro m a tic  r in g s  o f  p o ly ca rb o n a te  in  
t h e i r  work on th e  m i s c i b i l i t y  o f v a r io u s  p o ly e s te r s  w ith  p o ly ca rb o n ­
a t e s .  The m i s c i b i l i t y  o f  m o d if ie d  p o ly s ty re n e  w ith  a  number o f 
p o ly a c r y la te s ,  p o ly (v in y l  m e th y l e th e r ) ,  po ly ph eny len e  o x id e , p o ly ­
ca rb o n a te  copolym er, p o ly am id es and  p o ly e s te r s  has been su g g es ted

153due to  hydrogen  bonding . P olym ers c o n ta in in g  carbonyl and 
carboxyl groups such a s  a c r y l a t e s  and e s t e r s  were examined f o r  t h e i r  
c o m p a t ib i l i ty  w ith  PES. As shown in  S e c tio n  3*33 none o f the  
polym ers exam ined, p o ly e th y le n e  a d i p a t e ) , poly{methyl a c r y la te )  , p o ly ­

e t h y l  a c ry la te )  and p o ly m e th y lm e th a c ry la te )  were found to  be m is c ib le .  
P o ly (v in y l m ethy l e th e r )  w hich c o n ta in s  an e th e r  oxygen, s im i la r  
to  PEO was a ls o  found to  be im m isc ib le  w ith  PES. T his im p lied  t h a t  
th e  oxygen e le c t r o n s  which a re  f r e e l y  a v a i la b le  in  PEO a re  somehow 
r e s t r i c t e d  in  p o ly (v in y l  m eth y l e th e r )  p o s s ib ly  because o f s t e r i c  
r e s t r i c t i o n s .  P o ly p ro p y len e  o x id e) , p o ly (te tram eth y len e  o x id e ) , 
p o ly (v L n y lace ta te ) , and p o ly c a p ro la c to n e  were a ls o  found to  be im m isc ib le  
w ith  PES. More work i s  n e e d e d  to  u n d e rs ta n d  t h i s  s p e c i f i c  i n t e r a c t i o n .  
I t  i s  however s t i l l  p o s s ib le  t h a t  some o f th e se  polym ers a re
therm od ynam ically  m is c ib le  -with PES b u t th e  s o lv e n ts  u sed  in  
the  b len d  p r e p a r a t io n  have p re v e n te d  homogeneous b len d  fo rm ation
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In  o rd e r  to  u n d e rs ta n d  th e  re a so n s  fo r  the  m i s c i b i l i t y  o f
154v a r io u s  p o ly a c r y la te s  w ith  PVC, Walsh and Cheng , examined the  

h e a ts  o f m ix ing  o f v a r io u s  o lig o m ers  w ith  c h lo r in a te d  p a r a f f in  
(an  analogue o f PVC). They found  t h a t  o lig om ers c o n ta in in g  i n t e r ­
m ed ia te  number o f ca rb o n y l g roups gave fa v o u ra b le  h e a ts  o f m ixing 
and tho se  c o n ta in in g  th e  lo w e s t  and  h ig h e s t  number o f carbonyl 
g roups u n fav o u rab le  h e a ts  o f  m ix in g . T his was c o n s is te n t  w ith  
th e  obse rved  m i s c i b i l i t y .  These r e s u l t s  were e x p la in e d  in  term s o f 
th e  summation o f th e  e f f e c t s  o f th e  s p e c i f i c  in t e r a c t io n s  and the  
d is p e r s io n  f o r c e s .  The m easu red  h e a t  o f m ix ing  can be re p re s e n te d  
as

Ah = AH . + AHm d is p e r s iv e  s p e c i f i c
The d is p e r s iv e  c o n t r ib u t io n  can be c a lc u la te d  from the  s o l u b i l i t y
p a ram e te rs  u s in g  H ild e rb ra n d * s  e q u a tio n  1 .5

A H,. . = V 0 J O (51 - 5 0) 20 d is p e r s iv e  ',VJ1 2'
and th e  c o n t r ib u t io n  from th e  s p e c i f i c  i n t e r a c t i o n  would depend on 
th e  c o n c e n tra t io n  o f r e a c t i v e  g roup  p re s e n t  in  the  polym er. The 
c o n tr ib u t io n  from th e  s p e c i f i c  i n t e r a c t i o n s  to  the  h e a t  o f m ix ing  
th u s  can be c a lc u la te d  by s u b t r a c t in g  th e  d is p e r s iv e  c o n tr ib u t io n  
from the  o b se rv ed  h e a t  o f m ix in g . T his a n a ly s is  shows t h a t  a 
la r g e  d i f f e r e n c e  in  th e  s o l u b i l i t y  p a ram e te rs  o f the  two polym ers 
would c o n tr ib u te  to  th e  l a r g e  d is p e r s iv e  e f f e c t s  (u n fav o u rab le  con­
t r i b u t i o n s ) .  For th e  two polym ers to  be m is c ib le ,  t h i s  la rg e
d is p e r s iv e  e f f e c t  m ust be o u tw eigh ed  by th e  la rg e  c o n tr ib u t io n

154from th e  s p e c i f i c  i n t e r a c t i o n s .  Walsh and Cheng found in  
case o f im m isc ib le  p o ly (m e th y l a c ry la te ) /P V C  b len d s  a la rg e  con­
t r i b u t i o n  from th e  s p e c i f i c  i n t e r a c t i o n s  was outw eighed by a
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la rg e  u n fav o u rab le  c o n t r ib u t io n  from the d is p e r s iv e  fo rc e s .
The c a lc u la te d  v a lu e s  f o r  AH, .  . and AH s p e c i f i cd is p e r s iv e  r

fo r  the PES/PEO and PES/phenoxy m ix tu re s  a re  shown in  Table 5*1.

T able 5*1 A H ,. . and  AH . „. f o r  PES/PEO and PES/uhenoxyd is p e r s iv e  s p e c i f i c  _ . * J
b le n d s .

B lend Composi­
t io n  50 s 50

E x p e rim en ta l 
H eat o f M ix­
in g  J g 1

a h ,.d is p e r s iv e  
from E q u a tio n
1 .5 ,  J  g1

“̂ s p e c i f i c
J  2 1

PES/PEO
PES/Phenoxy

-  9 .7
-  0 .1 8

+ 1 .69  
+ 0 .3 8

-  11.39

-  0.56

The r e s u l t s  show t h a t  th e  c o n tr ib u t io n s  from the s p e c i f i c
i n t e r a c t i o n s  a re  l a r g e r  in  th e  case  o f PES/PEO when compared to  PES/
phenoxy b le n d s . In  th e  ca se  o f  PES/phenoxy b le n d s , th e  h e a t  o f
m ixing  o f low  m o lec u la r w e ig h t ana lo g u es had a v e ry  sm a ll, s l i g h t l y
n e g a tiv e  v a lu e  which im p lie d  a  v e ry  weak s p e c i f i c  i n t e r a c t i o n .  The
m i s c i b i l i t y  may be p o s s ib ly  h e lp e d  by the  s t r u c t u r a l  s i m i l a r i t y  o f
PES and phenoxy r e s i n  and c lo s e n e s s  o f s t a t e  p a ra m e te rs .

155I t  has been p o in te d  o u t  t h a t  b len d s  o f random copolym ers 
and a homopolymer can have a  n e g a tiv e  exchange i n t e r a c t i o n  i f  the 
" r e p u ls io n  e f f e c t "  i s  s t ro n g  enough. T his happens in  a s i t u a t i o n  
f o r  which th e  v a lu e  o f th e  exchange i n t e r a c t i o n  p aram ete r between 
th e  monomers which make up th e  copolym er i s  l a r g e r  th an  the  v a lu e s  
o f bo th  th e  o th e r  i n t e r a c t i o n  p a ram e te rs  in v o lv e d . In  t h i s  extrem e 
case a l l  th r e e  i n t e r a c t i o n  p a ra m e te rs  can be p o s i t iv e  and y e t  m is­
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c i b i l i t y  o c c u rs . Hence s p e c i f i c  i n t e r a c t i o n s  a re  n o t alw ays n e c e ssa ry
156fo r  m i s c i b i l i t y .  P au l and  B arlow  e x p la in e d  the  m i s c i b i l i t y  o f p o ly -

(m ethyl m e th a c ry la te )  w ith  s ty re n e  a c r y l o n i t r i l e  (SAN) copolym ers on
157the  b a s is  o f th e  sim ple  b in a r y  i n t e r a c t i o n  m odel. Chai has shown 

t h a t  th e  c o m p a t ib i l i ty  in  th e  system  in  which d is p e r s io n  fo rc e s  
dom inate , i s  d e te rm in ed  by th e  degree  o f s i m i l a r i t y  o f the  e q u a tio n  
o f s t a t e  p a ram e te rs  o f th e  p u re  com ponents. In  PES/phenoxy b len d s  
th e  s p e c i f i c  i n t e r a c t i o n  i s  p o s s ib ly  e i t h e r  th rough  the  hydroxyl 
group o f th e  phenoxy w hich can a c t  as e i t h e r  an e le c t r o n  donor o r 
a c c e p to r  o r th rou gh  th e  a ro m a tic  tt e le c t r o n s .  The e q u a tio n  o f s t a t e  
p a ram e te rs  a s  g iv en  in  S e c t io n  4 .5  f o r  PES and phenoxy r e s in s  a re  
a ls o  in  th e  same o rd e r  o f m ag n itu d e . Thus, s im i la r  s t r u c tu r a l  and 
e q u a tio n  o f s t a t e  p a ra m e te rs  seem to  c o n tr ib u te  tow ards the  m i s c i b i l i t y  
o f PES/phenoxy b le n d s .

5 .3  THE PHASE DIAGRAMS
The Tg, Tm and c lo u d  p o in t  phase diagram  fo r  .the PES/PEO system  

i s  shown in  F ig u re  5«1« The c lo u d  p o in t  curve a c tu a l ly  m eets th e  Tg 
curve f o r  th e  b len d  a t  v e ry  h ig h  PES c o n te n t and y e t  c lo u d  p o in ts  a re  
s t i l l  o b ta in a b le .  B ecause o f t h i s ,  the  Tg m easurem ents in  t h i s  re g io n  
a re  l i k e l y  to  be a f f e c t e d  by phase  s e p a r a t io n  and may be m e a n in g le ss .
The a b i l i t y  to  m easure c lo u d  p o in ts  in  t h i s  re g io n  shows th e  v e ry  g re a t  
m o b il i ty  a p p a re n t in  t h i s  sy stem  which m ust in  p a r t  be due to  th e  low 
m o lec u la r w eig h ts  u sed  and la c k  o f  b ran ch in g  in  th e  po lym ers. The 
h ig h  m o b il i ty  o f th e  sy stem  was a ls o  confirm ed  by o p t ic a l  m icroscopy  
where phase s e p a r a t io n  was o b se rv e d  on h e a t in g  and rem ix ing  o f phases 
on c o o lin g . The r a p id  rem ix in g  o f p hases was a common f e a tu r e  o f 
PES/PEO b len d s  a t  a l l  c o m p o s itio n s .
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F ig u re  5 .2  shows th e  phase diagram  fo r  PES/phenoxy b le n d s . 
Here no problem  o f o v e r la p  o f cloud p o in t  and Tg a r i s e s .  The c lo u d  
p o in t  curves l i e s  w ell above th e  Tg cu rv e . The r a t e  o f phase 
s e p a r a t io n  on h e a t in g  and re m ix in g  on co o lin g  i s  a ls o  le s s  r a p id  th a n  
fo r  PES/PEO b le n d s .

The phase m orphology  o f a PES/PEO phase s e p a ra te d  sample 
o bse rved  by e le c t r o n  m ic ro sco p y  showed t h a t  PEO domains s iz e s  were 
o f the  o rd e r  o f 0 .1  to  0 .2 5  ftm, In  a phase s e p a ra te d  8O/20 PES/PEO 
b len d  th e  PEO domains a p p e a r to  be su rro u nd ed  by PES m a tr ix  and 
p o s s ib ly  b ecause  o f t h i s  i t  was d i f f i c u l t  to  e x t r a c t  PEO from the 
phase s e p a ra te d  b le n d .

5 .4  POLYMER-POLYMER INTERACTION PARAMETERS
Three m ethods, m e l t in g  p o in t  d e p re ss io n , w ate r vapour 

s o rp t io n  and h e a ts  o f m ix in g , have been u sed  to  c a lc u la te  po lym er- 
polym er i n t e r a c t i o n  p a ra m e te rs .  Where one o f  th e  component copolym ers 
i s  c r y s t a l l i n e ,  m e ltin g  p o in t  d e p re s s io n  i s  the  m ost d i r e c t  m ethod 
fo r  o b ta in in g  .the F lo ry -H u g g in s  i n t e r a c t i o n  p a ram e te r, X . This 
m ethod has la r g e  e r r o r s  in h e r e n t  in  th e  p ro ced u re , because o f the 
d i f f i c u l t y  o f d e te rm in in g  th e  e q u il ib r iu m  m e ltin g  p o in t  d u rin g  h e a t in g  
o r c r y s t a l l i s a t i o n  p o in t  d u r in g  c o o lin g . In  PES/PEO b len d s th e  p o in ts  
a t  h ig h e r  PEO c o n te n t were more r e l i a b l e  (due to  l e s s  l ik e l ih o o d  o f 
s u p e rc o o lin g  b u t  gave l e s s  a c c u ra te  i n t e r a c t i o n  p aram ete rs  (due to  
low  A T v a lu e s ) .  M e ltin g  p o in t  d e p re ss io n  has been assumed to  be 
th e  r e s u l t  o f  therm odynam ic i n t e r a c t i o n s  betw een th e  c r y s ta l  and th e  
m is c ib le  polym er-polym er am orphous phase w ith  which i t  i s  in  e q u i l i ­
brium . The m e ltin g  p o in t  can v a ry  w ith  env ironm ent and can a ls o  
v a ry  w ith  b le n d  co m p o sitio n . Thus the  v a lu e  o f X o b ta in e d  by t h i s
m ethod may n o t  be r e l i a b l e .  X co u ld  be c a lc u la te d  o n ly  a t  one
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tem p e ra tu re  i e .  a t  c r y s t a l l i n e  m e ltin g  p o in t  o f the  polym er. The 
v a lu e  o b ta in e d  was however n e g a tiv e  which ag reed  w ith  the  o b se rv ed  
m i s c i b i l i t y .

The m e ltin g  p o in t  e x p re s s io n  has been m o d if ie d  by Walsh e t  
a l ^ ^  to  c a lc u la te  X ^  ( th e  t o t a l  i n t e r a c t i o n  energy  p a ra m e te r) . In  
t h i s  c a lc u la t io n  h as b een  assum ed to  be in d ep en d en t o f tem p e ra tu re  
and c a lc u la te d  a t  50°C. The e x p e rim e n ta l e r r o r s  in  th e  v a lu e s  o f 
bo th  C/p a re  v e ry  l a r g e  ( -  25 p e rc e n t  as e s t im a te d  from  th e
g ra p h s ) .  There a re  u n c e r t a i n t i e s  in  th e  o r ig in  o f C/r  because i t  
has been assum ed t h a t  th e  m o rp h o lo g ica l c o n t r ib u t io n  w il l  c o n t r ib u te  
to  the  f r e e  energ y  p r o p o r t io n a l  to  s i t e  f r a c t io n  o r segment f r a c t io n s .  
None o f  th e  assu m ptio ns may be v a l i d  and th e re fo re  a b s o lu te  v a lu e s  o f 
X̂ 2 o b ta in e d  by t h i s  m ethod a re  d o u b tfu l .  However, th e  s im u la te d  
sp in o d a l cu rves o b ta in e d  by u s in g  the  v a lu e s  were in  re a so n a b le  
agreem ent w ith  th e  o b se rv e d  c lo u d  p o in t  cu rv es .

The F lo ry -H ug g in s polym er-polym er i n t e r a c t i o n  p a ram e te rs  fo r
PES/PEO and PES/phenoxy m ix tu re s  were a ls o  o b ta in e d  from w ate r vap our
s o rp t io n  m easurem ents. I n  b o th  c a se s , n e g a tiv e  v a lu e s  were o b ta in e d ,
which confirm ed  m i s c i b i l i t y .  The v a lu e s  o f X ^  c a lc u la te d  from th e  

✓v a lu e s  o f o b ta in e d  from  th e  s o rp t io n  m ethod ag reed  re a so n a b ly  w ell 
w ith in  e x p e rim e n ta l e r r o r s .  The i n t e r a c t i o n  p aram ete r m easured  by 
t h i s  m ethod f o r  PES/PEO b le n d s  h as a h ig h e r  n e g a tiv e  v a lu e  compared 
to  PES/phenoxy b le n d s . T h is  im p lie d  t h a t  th e  i n t e r a c t i o n  betw een 
PES and PEO i s  s t ro n g e r  com pared to  t h a t  betw een PES and phenoxy.
T his m ethod i s  d i r e c t  b u t  i n h e r e n t ly  has la rg e  e r r o r s  as m en tio ned  
in  S e c tio n s  3*6 and 4 .9  r e s p e c t i v e l y  and th e re fo re  em phasis sh o u ld  
n o t  be p la c e d  on th e  a c tu a l  v a lu e s  o b ta in e d . S o rp tio n  s tu d ie s , w ith
o th e r  s o lv e n ts  which a c t  a s  s o lv e n ts  fo r  b len d  components cou ld
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p o s s ib ly  have g iv en  more a c c u ra te  r e s u l t s .  T his method i s  u s e fu l  
b u t sam ples tak e  a long  tim e  to  re a c h  e q u ilib r iu m  and i t  i s  th e re fo re  
tim e consum ing. In  F ig u re  4 .2 8  th e  ex p e rim en ta l iso th e rm  f o r  PES/
PEO b len d s  l i e s  below  th e  t h e o r e t i c a l  iso th e rm s o b ta in e d  by th e  a d d i­
t i v i t y  r u l e .  T h is p ro v id e s  f u r t h e r  p ro o f o f polym er-polym er i n t e r ­
a c t io n .

H eat o f m ix ing  m easurem ents o f low m o lecu la r w eig h t analogues 
o f th e  component polym ers a r e  the  m ost a c c u ra te  b u t i n d i r e c t  m ethod o f 
o b ta in in g  v a lu e s  o f th e  i n t e r a c t i o n  p a ra m e te rs . In  the  case o f PES/ 
PEO b le n d s , la r g e  n e g a tiv e  h e a ts  o f m ix ing  were o b ta in e d , which a g a in  
su g g e s ts  t h a t  th e  m ix ing  i s  th ro u g h  s tro n g  s p e c i f i c  i n t e r a c t i o n s .  In  
t h i s  m ethod i t  i s  assum ed t h a t  th e  p o ly m eric  m ix tu re s  behave in  th e  sane 
way as th e  low  m o le c u la r  a n a lo g u e s . T his assum ption  i s  n o t  n e c e s s a r i ly  
v a l i d  and  th e r e f o r e  an e x a c t  f i t  o f th e  e x p e rim en ta l and t h e o r e t i c a l  
d a ta  i s  n o t  n e c e s s a r i l y  o b ta in e d .

In  th e  case o f PES/phenoxy b le n d s , the  h e a ts  o f m ix ing  o f  
low m o lec u la r w e ig h t a n a lo g u es  o b ta in e d  was m a rg in a lly  n e g a tiv e  which 
im p lie s  weak i n t e r a c t i o n s .  The v a lu e  o f o b ta in e d  in  t h i s  case  
was a ls o  sm all and n e g a t iv e .

A no ther i n d i c a t io n  o f  polym er-polym er i n t e r a c t i o n  was 
o b ta in e d  from Tg m easu rem en ts. T h e o re t ic a l  Tg v a lu e s  o f b len d  
com positions have been o b ta in e d  u s in g  th e  Fox e q u a tio n . A p o s i t iv e  
d e v ia t io n  o f Tg v a lu e s  o f  b o th  system s over a wide range o f com positions 
has been d e te c te d  im p ly ing  t h a t  th e re  a re  in t e r a c t io n s  betw een th e  
po lym ers. The p o s i t iv e  d e v ia t io n  f o r  PES/PEO b len d s was g r e a te r  
th a n  t h a t  fo r  th e  PES/phenoxy sy stem . T his shows t h a t  th e  i n t e r ­
a c t io n  betw een PES/PEO i s  s t r o n g e r  th an  the  PES/phenoxy i n t e r a c t i o n .



169

F u r th e r  c o n firm a tio n  o f  t h i s  e f f e c t  i s  r e f l e c t e d  in  the  s t r e n g th  o f  
G ordon-T ay lor p a ram e te r , K, w hich was 1 .5 2  fo r  PES/PEO and 1 .0  fo r  
PES/phenoxy b le n d s .

PES/PEO b le n d s  c o n ta in in g  more th an  50 w eig h t p e rc e n t  PEO 
in  the  b le n d  showed s i g n i f i c a n t l y  h ig h e r  Tg’ s compared to  th e  t h e o r e t ­
i c a l  Tg*s. T h is p o s s ib ly  happens because o f the  p resen ce  o f  c r y s t a l l i n e  
m a te r ia l  (PEO) in  th e  b le n d . C r y s t a l l i s a t i o n  o f some of th e  PEO red u ces 
th e  amount p r e s e n t  in  th e  amorphous phase o f the  b le n d . C r y s t a l l a t io n
o f one component a ls o  h as s t i f f e n i n g  e f f e c t  on polym er c h a in s . A

102s im i la r  e f f e c t  has been r e p o r te d  f o r  phenoxy/PEO b len ds

5 .5  SIMULATION OF THE PHASE DIAGRAMS
22McMaster s im u la te d  b in o d a l and sp in o d a l curves f o r  hypo­

t h e t i c a l  polym er p a i r s  w ith  v a r io u s  v a lu e s  o f th e  e q u a tio n  o f s t a t e
23p a ra m e te rs . Walsh and R ostam i a ls o  s im u la te d  many h y p o th e t ic a l  

sp in o d a l c u rv e s . The e f f e c t  o f  changing  th e  e q u a tio n  o f s t a t e  p a ra ­
m e te rs  on th e  sp in o d a l c u rv es  a re  sum m arised h ere  :
( i )  An in c re a s e  in  th e  d i f f e r e n c e  o f  the  a  v a lu e s  d ec re a se s  

m i s c i b i l i t y .
( i i )  Changes in  p v a lu e s  have l e s s  e f f e c t  compared to  or v a lu e s .
( i i i )  I n c re a s e  in  th e  m o le c u la r  w eigh t o f polym ers d ec re a se s  

m i s c i b i l i t y .
( iv )  A n e g a tiv e  i n c r e a s e s  m i s c i b i l i t y .  Curves become f l a t t e r  

w ith  an in c re a s e  o f  X ^ .
(v) kas l i t t l e  e f f e c t  i n  the  absence o f (o r  Q-j^) te rm s.

I f  S^/S^ i s  g r e a t e r  th a n  1, th e  curve le a n s  down to  h ig h  
volume f r a c t io n s  o f  component 2 .

( v i )  A more n e g a tiv e  v a lu e  o f  makes polym ers l e s s  m is c ib le  
Where a la rg e  n e g a tiv e  X ^  i s  com pensated by a la rg e  n e g a tiv e  
Q^2> th e  curve can become ex trem e ly  f l a t .
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( v i i )  For p o ly d is p e r s e d  polym ers the  sp in o d a l curve rem ains
7  A 1 ^unchanged i f  th e  w e ig h t average ch a in  le n g th  i s  u se d ' ’ .

( v i i i )  B im o d a lity  in  th e  s p in o d a l curve can a r i s e  in  s im u la t io n s  
in v o lv in g  th e  v a r i a t i o n  o f s t a t e  p a ram e te rs  o f pure com­
p on en ts  and b in a r y  q u a n t i t i e s .

26O la b is i  a p p l ie d  M cM asters t r e a tm e n t  to  th e  p o ly (c a p ro la c to n e ) /  
p o ly (v in y l  c h lo r id e )  sy s tem . He o b ta in e d  by in v e rse  gas 
chrom atography and assum ed Q = 0 . The s im u la te d  curves were 
in  poor agreem ent w ith  th e  e x p e rim e n ta l d a ta  because he used  o n ly  
S g /S p  as an a d ju s ta b le  p a ra m e te r .

The s im u la te d  p h ase  d iagram s o b ta in e d  fo r  PES/PEO m ix tu re s  
a re  shown in  F ig u re s  4 .2 4 -u n d  4 .2 5 . Two m ethods were u sed  to  c a lc u ­
l a t e  i n t e r a c t i o n a l  en erg y  p a ra m e te rs .  The h e a t  o f m ixing m easurem ents 
gave a v a lu e  o f and th e  m e lt in g  p o in t  d e p re ss io n  a v a lu e  o f X ^

(X^g = - T v  • The v a lu e  o f X ^  was o b ta in e d  a t  a tem p era tu re
40°C below  t h a t  o f h e a t  o f  m ix in g  v a lu e s . When th e  v a lu e  o f X ^  = -40

_3J  cm was u sed  to  s im u la te  th e  sp in o d a l curve o f th e  polym er p a i r  then
a la r g e  n e g a tiv e  v a lu e  o f  th e  n o n -c o m b in a to ria l  en tro p y  c o n tr ib u t io n

-3  -1p a ram e te r, = -0 .0 4 8  J  cm K , had  to  be u sed  to  b a lan ce  th e  la rg e  
n e g a tiv e  X ^  v a lu e .  I f  a  ze ro  v a lu e  o f i s  chosen th e n  a low er 
v a lu e  o f X^g (= X ^ )  = “ ^8 j  cur i s  u sed  to  s im u la te  the  sp in o d a l 
c u rv e . I t  i s  a p p a re n t t h a t  th e  p a ram ete r p la y s  an im p o rta n t 
r o le  i n  th e  s im u la t io n  o f sp in o d a l c u rv e s . I t  i s  n o t  p o s s ib le  to  
f i t  the  c a lc u la te d  sp in o d a l to  th e  e x p e rim en ta l r e s u l t s  w ith o u t u s in g  
Q^2« For a la rg e  fa v o u ra b le , X .^ , ( s tro n g  s p e c i f i c  i n t e r a c t i o n s ) ,  
a la r g e  u n fav o u rab le  i s  n e c e s s a ry  and v ic e  v e r s a .

The sp in o d a ls  g e n e ra te d  f o r  PES/PEO a re  n o t  v e ry  m o lec u la r
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w eight dependent as  su g g e s te d  by c lo u d  p o in t  m easurem ents. The shape 
o f the  sp in o d a l i s  dom inated  by th e  v a lu e s  o f S^/S^ through  i t s  e f f e c t  
on the  i n t e r a c t i o n a l  term s in  th e  sp in o d a l e q u a tio n .

The s im u la te d  s p in o d a ls  by b o th  th e se  m ethods fo r  PES/PEO 
b len d s  l i e  w e ll in s id e  th e  o b se rv e d  c loud  p o in t  cu rv e . This may be 
due to  th e  f a c t  t h a t  th e  c lo u d  p o in t  curve approx im ates much more 
c lo s e ly  to  th e  b in o d a l .  The m o b i l i ty  o f the  polym ers in  t h i s  system  
i s  v e ry  h ig h  and phase s e p a r a t io n  p ro c e ss  i s  r e a d i ly  r e v e r s ib le  on 
a n n e a lin g  below  th e  c lou d  p o i n t  w hich a g ree s  w ith  t h i s  i n t e r p r e t a t i o n .  
There a re  a ls o  u n c e r t a i n t i e s  i n  th e  v a lu e s  o f v a r io u s  s t a t e  p a ra m e te rs , 
p a r t i c u l a r l y  th e  S^/S^ r a t i o •

S im u la ted  s p in o d a l c u rv e s  f o r  PES/phenoxy m ix tu re s  a re  p re s e n te d
_ rzin  F ig u re  4 .2 6 . Three v a lu e s  o f  = -3» -2  and - 1 .5  J  cnr were used  to  

s im u la te  th e  sp in o d a l c u rv e s . These v a lu e s  were b a lan ced  by th e  nega­
t iv e  v a lu e s  o f as b e f o r e .  I n  t h i s  case the  sp in odals found were 
v e ry  c lo se  to  th e  e x p e rim e n ta l c lo u d  p o in t  curve and the  curves were 
sy m m etrica l. H ere th e  d i f f e r e n c e s  in  component s t a t e  p a ram e te rs  a re  
n o t  l a r g e .  Sm all in c re a s e s  i n  th e  m o lec u la r w eigh t do n o t  seem to  
make much d if f e r e n c e  b u t when th e  m o lec u la r w eig h t o f one o f th e  
components was doub led  th e  s p in o d a l  curve became skewed tow ards 
th e  h ig h e r  m o le c u la r  w e ig h t component and became more f l a t  
bottom ed . An in c re a s e  i n  th e  n e g a tiv e  v a lu e  o f o r a change in  a 
a ls o  makes th e  sp in o d a l f l a t  b o ttom ed . For any change in  any o f  the  
p a ra m e te rs , a  new v a lu e  o f  th e  a d ju s ta b le  p a ram ete r i s  r e q u i r e d  
to  m atch to  th e  minimum o f  th e  c lo u d  p o in t  cu rv e . The s im u la te d
sp in o d a ls  th u s  o b ta in e d  were v e ry  c lo se  to  the  o bse rved  cloud  p o in t  
cu rve . Sm all v a r ia t io n s  i n  th e  s t a t e  p a ram ete r d id  n o t  change th e  
sp in o d a l v e ry  much. C lo sen ess  o f the  c loud  p o in t  and c a lc u la te d
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sp in o d a ls  su g g e s ts  t h a t  th e  phase s e p a r a t io n  i s  v ia  sp in o d a l decompos­
i t i o n  in  t h i s  c a se .

The s im u la te d  r e s u l t s  a re  g e n e ra l ly  in  agreem ent w ith  the
22 23c o n c lu s io n s  rea c h e d  by M cM aster , Walsh and R ostam i J and o th e r

26 122w orkers ’ . The f in d in g s  ag ree  w ith  th e  e f f e c t  o f changes in
p r o p e r t i e s  on sp in o d a l c u rv e s  g iv e n  a t  the  b eg in n in g  o f t h i s  S e c tio n .

One problem  in  a p p ly in g  th e  e q u a tio n  o f s t a t e  th e o ry  to  th e se  
m ix tu re s  i s  t h a t  in  th e o ry  i s  in tro d u c e d  as a tem p era tu re  independ­
e n t  c o n s ta n t  w hereas i n  many c a se s  th e  h e a t  of m ix in g , and hence 
i s  s t ro n g ly  tem p e ra tu re  d e p e n d e n t. The problem  a r i s e s  because 
was n ev e r in te n d e d  to  d e s c r ib e  th e  i n t e r a c t i o n  betw een two polym ers 
which a re  dom inated  by a  te m p e ra tu re  dependent s p e c i f i c  i n t e r a c t i o n .
5 .6  SORPTION OF WATER VAPOUR

The w a te r vapo ur s o r p t io n  o f polym ers and polym er b len d s
108were exam ined to  e x p lo re  th e  c la im  t h a t  a t  c e r t a in  com positions 

PES/PEO b le n d s  ab so rb  l e s s  w a te r  th a n  PES i t s e l f .  I t  was lo g ic a l  
to  assume t h a t  i f  th e  s i t e s  w hich a re  r e s p o n s ib le  fo r  w ate r u p tak e  
were o ccu p ied  by PEO o r any  o th e r  polym er, as  th e  n e g a tiv e  po lym er- 
polym er i n t e r a c t i o n  p a ra m e te r , X ^ ,  woul <̂ su g g e s t, the  w ater u p tak e  
o f th e  b le n d  sh o u ld  be l e s s  th a n  PES. However, the  r e s u l t s  p re s e n te d  
in  S e c t io n  4 .9  do n o t  s u p p o r t  t h i s  a ssu m p tio n . The s o rp t io n  was 
found m o n o to n ic a lly  to  depend on th e  c o n c e n tra t io n  o f the  o th e r  
polym er in  th e  b le n d . The p e n e t r a n t ,  w a te r , m o lecu le  i s  r e l a t i v e l y  
sm all and in  th e  l i q u id  and  s o l i d  s t a t e  i s  s t ro n g ly  a s s o c ia te d  th rough  
hydrogen bond ing . S tro n g  l o c a l i s e d  in t e r a c t i o n s  may dev e lo p 1 betw een 
th e  w a te r m o lecu le  and p o la r  g ro up s o f a polym er, on th e  o th e r  hand, 
in  r e l a t i v e l y  n o n -p o la r  m a t e r i a l s ,  c lu s te r in g  o f th e  so rb ed  w ate r i s  
p o s s ib l e .
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The s o rp t iv e  c a p a c i ty  o f th e  polym ers depend on th e  n a tu re  o f 
the  chem ical g roups p r e s e n t  and t h e i r  p o s i t io n  on th e  polym er c h a in .
I f  th e  in t e r c h a in  hydrogen bonds a re  weak th en  sw e llin g  may o ccu r.
In  g e n e ra l ,  th e  more p o la r  g ro up s p re s e n t  in  th e  polym er m a tr ix , 
th e  h ig h e r  w i l l  be i t s  a f f i n i t y  tow ards w a te r. However, the 
a c c e s s i b i l i t y  o f  th e se  g ro u p s , th e  degree o f c r y s t a l l i n i t y  o f th e  
m a tr ix , and th e  s t r e n g th  o f  w a te r -w a te r  and w ater-p o ly m er bonds a re  
im p o rta n t f a c to r s  in  d e c id in g  the  t o t a l  u p tak e  o f w a te r . Because 
o f a l l  th e se  f a c to r s ,  any s im p le  c o r r e la t i o n  betw een the  number o f 
p o la r  groups and th e  w a te r u p ta k e  i s  n o t  p o s s ib le .

Four ty p e s  o f  s o r p t io n  iso th e rm s  as shown in  F ig ure  5 . 3 
have been o b se rv ed . Our r e s u l t s  f o r  w ater v a p o u r -s o rp tio n  in  PES,
PEO, phenoxy polym ers and t h e i r  b le n d s  appear to  fo llo w  th e  type IV 
(ty p e  I I I  o f BET C l a s s i f i c a t i o n )  iso th e rm  d e s c r ib e d  in  F ig u re  5*3»
The shapes o f th e  iso th e rm s  a t  low er a c t i v i t i e s  were n o t  m easured 
w ith  s u f f i c i e n t  a c cu ra c y  and  th e r e f o r e  any i n i t i a l  Langmuir type 
c u rv a tu re  a s s o c ia te d  w ith  s p e c i f i c  l o c a l i s e d  i n t e r a c t io n s  was 
d i f f i c u l t  to  d e t e c t .  A t lo w er a c t i v i t i e s  ( l e s s  th a n  0 .6 )  the  
w ate r vapour u p tak e  ap p e a rs  to  be s im i la r  fo r  th e  PES, PEO (sem i­
c r y s t a l l i n e )  and phenoxy polym ers and t h e i r  b le n d s . A t h ig h e r  
a c t i v i t i e s ,  in  case o f PEO ( s e m ic r y s ta l l in e )  th e  r a p id  in c re a s e  
in  w ate r u p tak e  i s  p o s s ib ly  due to  the  b reak in g  o f PEO c r y s t a l l i t e s  
fo llo w ed  by t h e i r  d i s s o l u t i o n .  In  pure  phenoxy w ate r u p take  i s  
p o s s ib ly  r e l a t e d  to  the  p re se n c e  o f hydroxyl g ro u p s . In  PES/PEO 
b len d s  e x p la n a tio n  i s  complex becau se  o f the  d if f e r e n c e s  in  polym er- 
polym er and in d iv id u a l  p o ly m er-w a te r i n t e r a c t i o n s  b u t seems to  r e l a t e  
to  th e  p e rc e n ta g e  o f PEO i n  th e  b le n d  com p o sitio n .
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F ig u re  5 .3  Types o f s o r p t io n  is o th e rm s . P lo ts  o f s o rp t io n  a g a in s t
r e l a t i v e  p re s s u re  o f  vapour :
I  L in e a r  iso th e rm  fo llo w in g  H en ry 's  Law, no i n t e r ­

a c t io n  betw een  the  p e n e tr a n t  and the polym er.
I I  L ang m u ir-ty pe  iso th e rm , in v o lv e s  a d s o rp t io n  in  a 

s in g le  la y e r  on any a d s o rp tio n  s i t e .
• I l l  In v o lv e s  m u l t i l a y e r  su r fa c e  a d s o rp tio n  c h a r a c te r ­

i s e d  by s t ro n g  p e n e tra n t-p o ly m e r i n t e r a c t i o n .
IV In v o lv e s  a b s o rp t io n  in to  system s showing p o s i t iv e  

d e v ia t io n  from H e n ry 's  Law (Type 3 in  BET c l a s s i ­
f i c a t i o n ) .
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The tem p e ra tu re  indepen den ce  o f  w a te r a s o rp tio n  in  a b len d  o f 80 /20  
PES/PEO im p lie d  t h a t  th e  h e a t  o f  s w i s  v e ry  c lo se  to  the  h e a t  o f 
con d en sa tio n  o f w a te r .

Only approx im ate  a v e rag e  d i f f u s io n  c o e f f ic i e n t s  were o b ta in e d
from th e  s o r p t io n  d a ta  u s in g  th e  h a l f  tim e ex p re ss io n . The c o n d it io n s  u se d
were n o t  s u i t a b le  f o r  th e  a c c u r a te  m easurem ent o f d i f f u s io n  k i n e t i c s .

However, th e  r e s u l t s  o b ta in e d  were re a s o n a b le .
The e q u il ib r iu m  s o r p t io n  iso th e rm s o f  w ate r vapour in  PES/

PEO b len d s  showed t h a t  none o f th e  b len d  com po sitions so rb ed  w ate r l e s s
108th a n  PES as  c la im ed  in  th e  l i t e r a t u r e  . F lo ry -H uggins po lym er-polym er 

i n t e r a c t i o n  p a ram e te rs  f o r  b o th  PES/PEO and PES/phenoxy b len d s e s t im a te d  
from th e  s o r p t io n  d a ta ,  w ere fo u nd  to  be n e g a t iv e .  The i n t e r a c t i o n  
p a ram e te r v a lu e  was more n e g a t iv e  f o r  PES/PEO compared to  PES/phenoxy 
con firm ing  a s t ro n g e r  i n t e r a c t i o n  f o r  the  fo rm er. These r e s u l t s  were 
c o n s i s te n t  w ith  th e  o b se rv e d  m i s c i b i l i t y  o f th e  system s and th e  polym er- 
polym er i n t e r a c t i o n  p a ra m e te rs  o b ta in e d  by o th e r  methods in  t h i s  work.
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CHAPTER 6 
CONCLUSIONS

The m i s c i b i l i t y  o f  p o ly e th ersu lp h o n e(P E S ) -with a number of 
polym ers has been i n v e s t ig a t e d .  Some o f the  polym ers which c o n ta in e d  
carboxyl, ( a c r y la t e s  and o th e r  e s t e r s )  and e th e r  groups were found to  
be p ro b a b ly  im m isc ib le  w ith  th e  PES. Among th e  polym ers exam ined, 
o n ly  p o ly (e th y le n e  o x id e ) and  phenoxy r e s i n  were proved to  be m is c ib le  
w ith  th e  PES.

rThe re a so n s  f o r  p o ly m er-p o lym er m i s c i b i l i t y  have been c o n s id e re d . 
I t  i s  p o s tu la te d  t h a t  th e  n - 7T i n t e r a c t i o n  ta k e s  p la c e  betw een th e  fre e  
e le c t r o n s  o f th e  e th e r  g ro u p  o f PEO and th e  tt e le c t ro n s  o f th e  a ro m a tic  
r in g  o f  PES. The p redom inance o f  t h i s  s p e c i f i c  i n t e r a c t i o n  has been 
con firm ed  by th e  h ig h  fa v o u ra b le  h e a t  o f m ix ing  v a lu e s  o b ta in e d  from 
th e  low m o le c u la r  a n a lo g u e s  o f t h i s  m ix tu re . In  the  case o f PES/phenoxy
b le n d s , th e  h e a ts  o f  m ix in g  o f  low  m o lec u la r w eigh t an a log ues im p lie d  
t h a t  th e  i n t e r a c t i o n s  a re  w eak. I n  t h i s  case m ixing i s  p o s s ib ly  h e lp ed
by th e  s t r u c t u r a l  s i m i l a r i t y  and th e  c lo se n e s s  o f th e  s t a t e  p a ram e te rs  
o f th e  two p o ly m ers.

B lends o f PES/PEO and PES/phenoxy were p re p a re d  by s o lv e n t  
c a s t in g  from  a common s o lv e n t  and  were found to  be m isc ib le  and show 
a s in g le ,  co m p o sitio n  d ep en d en t, g la s s  t r a n s i t i o n  te m p e ra tu re . PES/PEO 
m ix tu re s  in  b o th  cyclohexanone and  IMP phase s e p a ra te d  on h e a t in g  and 
th u s  c o n d it io n s  n eed  to  be c a r e f u l l y  chosen to  o b ta in  homogeneous 
b le n d s . I t  has been shown t h a t  PEO and PES a re  m is c ib le  a t  a l l  
com po sitio n s w ith in  a  band  o f te m p e ra tu re s  betw een the  PEO m e ltin g  
p o in t  and th e  c lou d  p o in t  o f th e  b le n d .

The c le a r  b le n d s  o f PES/PEO and PES/phenoxy phase s e p a ra te d  
on h e a t in g ,  and th e  c lo u d  p o in t  cou ld  be m easured by tu r b i  dime t r y  and
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confirm ed  by b o th  v i s i b l e  a n d /o r  e le c t r o n  m icro scopy . The cloud  
p o in t  curve o f PES/PEO was v e ry  skew w ith  a minimum a t  around 10 
w eigh t p e r c e n t  PES c o n te n t .  T h is was n o t  a s tro n g  fu n c tio n  o f m ole­
c u la r  w eig h t and th e  skew n a tu r e  was th u s presum ably  due to  d if f e r e n c e s  
in  the  s t a t e  p a ram e te rs  o f  th e  p u re  com ponents. The cloud  p o in t  curves 
o f PES/phenoxy w ere, how ever, sy m m etrica l g iv in g  a minimum a t  ab o u t 
50;50 w eig h t p e r c e n t .

Three m ethods, m e l t in g  p o in t  d e p re s s io n , h e a ts  o f m ix ing  
o f low m o le c u la r  w e ig h t a n a lo g u e s  and w ate r vapour s o rp t io n  were u se d  
to  o b ta in  polym er-polym er i n t e r a c t i o n  p a ram e te rs  o f the  b le n d s . The 
i n t e r a c t i o n  p a ram e te rs  f o r  b o th  th e  system s were found to  be n e g a tiv e  
which were c o n s i s t e n t  w ith  th e  o b se rv ed  m i s c i b i l i t y .

The s im u la te d  s p in o d a ls  f o r  b o th  PES/PEO and PES/phenoxy 
b len d s  were -c a lc u la te d  u s in g  i n t e r a c t i o n  param eters o b ta in e d  from th e  
h e a t  o f m ix ing  m easu rem en ts. I n  b o th  c a se s , f o r  a  fa v o u ra b le  v a lu e  
o f i t  was n e c e s s a ry  to  assum e an u n fav o u rab le  n o n -c o m b in a to ria l
e n tro p y  c o n t r ib u t io n ,  Q-j^* to  o b ta in  the  minimum o f  the  cloud  p o in t  
cu rv e . In  case o f th e  PES/PEO b le n d s  a m o d if ie d  form of th e  e q u a tio n  
fo r  th e  m e ltin g  p o in t  d e p re s s io n  o f PEO in  th e  b le n d  has been u se d  to  
o b ta in  v a lu e s  of X ^ .  T h is  was u sed  to  s im u la te  th e  s p in o d a ls .  The 
sp in o d a ls  o b ta in e d  by b o th  th e  m ethods f o r  PES/PEO were s im i la r  to  th e  
c loud  p o in t  cu rv e . They w ere n o t  v e ry  m o lec u la r mass dependent which 
co rresp o n d s to  th e  f in d in g s  from  the  cloud  p o in t  c u rv e s . I t  was found 
t h a t  th e  shape o f the  s p in o d a ls  was dom inated by the  v a lu e  o f the 
su r fa c e  a re a  to  u n i t  volume r a t i o  S^/S^ th ro u g h  i t s  e f f e c t  on the  
i n t e r a c t i o n a l  term s in  th e  s p in o d a l  e q u a tio n .

The c a lc u la te d  s p in o d a ls  fo r  th e  PES/phenoxy . system  were v e ry  
c lo se  to  th e  c lou d  p o in t  cu rve  and  th e re fo re  th e  phase s e p a r a t io n
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in  t h i s  case may be by s p in o d a l  d eco m p o sitio n .
W ater vapour s o r p t io n  m easurem ents in  PES/PEO and PES/ 

phenoxy b len d s  showed a m onoton ic  in c re a s e  in  vapour s o rp t io n  w ith  
th e  in c re a s e  o f PEO o r  phenoxy component in  th e  m ix tu re  e s p e c ia l ly  
a t  a c t i v i t i e s  g r e a t e r  th a n  0 .6 .  None o f th e  b len d s showed w ate r 
s o rp t io n s  l e s s  th a n  f o r  p u re  PES.

PES/PEO m ix tu re s  showed v ery  h ig h  m o b il i ty  w ith  sh a rp  and 
re p ro d u c ib le  c loud  p o in ts  w hich  make them id e a l  fo r  fu tu re  m i s c i b i l i t y  
s tu d ie s .  As phenoxy r e s i n s  have been found to  be m isc ib le  w ith  PES, 
i t  would be i n t e r e s t i n g  to  exam ine o th e r  s t r u c t u r a l l y  s im i la r  polym ers 
eg p o ly c a rb o n a te s , p o ly (p h e n y le n e  o x id e s ) ,  p o ly (e th y le n e te re p h th a la te s )  
and p o ly e th e r e th e r k e to n e .  S u ccess  would depend on th e  a v a i l a b i l i t y  of
e i t h e r  a s u i t a b le  s o lv e n t  o r  a c h ie v in g  p ro p e r  m elt, p ro c e ss in g  
c o n d i t io n s .
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