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QUANTITATIVE ANALYSIS OF MIXED POLYMER SYSTEMS 
BY THE USE OF GEL P E m A T I O N  CHROMATOGkPHY 
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Virginia Polytechnic Institute and State Universitv 
Blacksburg, Virginia 24061 USA 

Venkataraman Narasimhan and Charles 2.I. Burns 
Department of Chemical Engineering 
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ABSTRACT 

The use of gel permeation chromatogrephv for the quantitative 
analvsis of connosition in mixed polymer svstems is presented. The 
advailtazes of t:iis method in determining the compositions of :m- 
jugate Thases in polymer 1-polyner ?-solvent systems is dibcunsea 
with tvpical examples. 

INTRODUCTICX 

The phenomenon of phase separation in mixtures of two pul::mers 

in a mutual solvent or two polvmers in the solid state is known as 
incompatibility and is of considerable Iractical imoortmcc-. Li7i:i.J 

miscibility plays a role in the preparative and analytical frac- 

tionation of polymers, in the ?reparation of plastic films, iacLuJi:: 

paint and varnish coatings, and in the determination of service 

properties of certain systems such as high impact styrene-butadiene 
products. The analysis of the resulting separate phases is of critical 
importance in furthering the knowledge of this phenomenon. The purpose 

of the present paper is to introduce and demonstrate the simplicitv, 
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1112 LLOYD, N A R A S W ,  AND BURNS 

v e r s a t i l i t y ,  and advantages  of a new t e c h n i q u e  f o r  a n a l y z i n g  t e r n a r y  

polymer-polymer-solvent sys tems.  

t i t a t i v e  a p p l i c a t i o n  o f  g e l  permeat ion chromatography. 

The technique  i s  based  on a quan- 

I n  o r d e r  t o  r e p r e s e n t  g r a p h i c a l l y  a l l  of t h e  p o s s i b l e  m i x t u r e s  

and t h e  s i t u a t i o n s  r e s u l t i n g  when two polymers are  p r e s e n t  i n  a 

mutual  s o l v e n t  t h e  ternary phase diagram is  employed. F i g u r e  1 

r e p r e s e n t s  a t y p i c a l  t e r n a r y  phase diagram f o r  a polymer 1 - polymer 

2- s o l v e n t  (Pl-PZ-S) system. ( A t  t h e  r i s k  of o v e r s i m p l i f i c a t i o n  t h e  

d i s c u s s i o n  t o  f o l l o w  vill o m i t  any r e f e r e n c e  to  m e t a s t a b l e  m i x t u r e s  

and t h e  s p i n o d a l .  For d i s c u s s i o n s  of  t h e s e  a s p e c t s  see, f o r  example, 

t h e  work of R. Koningsveld, r e f e r e n c e  1). A m i x t u r e  i n  t h e  " u n s t a b l e  

mixture"  r e g i o n  w i l l ,  i f  a l lowed t o  r e a c h  e q u i l i b r i u m ,  s e p a r a t e  i n t o  

SOLVENT 

P2 0.2s 0.50 0.7s PI 0.2s 0.50 0.7s PI 

FIGURE 1 Equi l ibr ium phase diagram € o r  t h e  t e r n a r y  svstern 
Pl-P2-S. 
in t h e  polymer mixture .  
f r a c t i o n  of s o l v e n t  i n  t h e  t o t a l  polymer-solvent  
mixture .  &w r e p r e s e n t s  t h e  t i e  l i n e  
j o i n i n g  t h e  c o e x i s t i n g  p h a s e s  i n  e q u i l i b r i u m  and p a s s i n g  
through t h r  c o m p o s i t i o n a l  r e p r e s e n t a t i o n  of t h e  
o r i g i n a l  mix ture .  

VTpl r e p r e s e n t s  t h e  weight  f r a c t i o n  of P1 
WTsoL r e p r e s e n t s  t h e  weight  
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M I X E D  POLYMER SYSTEMS 1113 

two c o e x i s t i n g  phases  i n  e q u i l i b r i u m .  A l i n e  j o i n i n g  t h e  compo- 

s i t i o n a l  r e p r e s e n t a t i o n  of  t h e s e  two phases  w i l l  be a s t r a i g h t  l i n e ,  

p a s s i n g  through t h e  o r i g i n a l  mix p o i n t .  Such l i n e s  are r e f e r r e d  t o  

as t i e  l i n e s  and are used e x t e n s i v e l y  i n  chemical  e n g i n e e r i n g  ca lcu-  

l a t i o n s  t o  de te rmine  t h e  amount of t h e  two phases .  I f  a number of  

samples  are a l lowed t o  e q u i l i b r a t e  and each phase is analyzed  t o  

de te rmine  i t s  composi t ion,  a c u r v e  can be t r a c e d  through t h e  

composi t ions  of  t h e s e  c o e x i s t i n g  phases  i n  e q u i l i b r i u m .  This  c u r v e ,  

a l t e r n a t i v e l y  known as t h e  e q u i l i b r i u m  phase curve ,  t h e  c o e x i s t e n c e  

curve ,  or t h e  b i n o d a l ,  s e p a r a t e s  t h e  r e g i o n  of u n s t a b l e  m i x t u r e s  from 

t h e  r e g i o n  i n  which mixtures  form one homogeneous s o l u t i o n .  A 

number of a t t e m p t s  have been made t o  p r e d i c t  t h e  l o c a t i o n  of t h e  

b i n o d a l  12-81. 

system i t  is p o s s i b l e  t o  de te rmine  t h e  mid-point for  each t i e  l i n e  

and then  j o i n  t h e s e  mid-points  by a l i n e  which when e x t r a p o l a t e d  

i n t e r c e p t s  t h e  b i n o d a l .  The p o i n t  d e f i n e d  by t h i s  i n t e r c e p t i o n  

i s  known as t h e  c r i t i ca l  o r  p l a i t  p o i n t .  The s i g n i f i c a n c e  of t h i s  

p o i n t  i s  t h a t  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  two c o e x i s t i n g  

phases  become i d e n t i c a l .  Knowledge of  t h i s  p o i n t  also h a s  t h e o r e t i c a l  

s i g n i f i c a n c e  s i n c e  t h e  c r i t i ca l  composi t ion is used i n  a number of  

t h e o r e t i c a l  t r e a t m e n t s  of c o m p a t i b i l i t y  [4,5]. 

When a series of  t i e  l i n e s  is drawn f o r  a g i v e n  

X number of s t u d i e s  d e a l i n g  wi th  P1-P2-S i n : o m p a t i b i l i t v  have 

been conducted i n  t h e  p a s t  t h i r t y  y e a r s  [ l -211.  The o r i g i n a l  

s t u d i e s  in t h i s  area were r e p o r t e d  in 1947 and involved  a l l o w i n g  

mixtures  t o  e q u i l i b r a t e ,  sampling,  and a n a l y z i n g  each phase i n  

o r d e r  t o  e s t a b l i s h  t h e  b i n o d a l  [9]. The a n a l y t i c a l  t echnique  

employed v a r i e d  f o r  each sys tem s t u d i e d  and o f t e n  r e q u i r e d  e l a b o r -  

a t e  procedures  t o  completely remove s o l v e n t  and o t h e r  s u b s t a n c e s  

which might i n t e r f e r e  wi th  t h e  a n a l y s i s  (for example, a n t i o x i d a n t s ) .  

I n  1956 Kern [lo] advanced t h e  s t u d i e s  by adding  t i e  l i n e s  ( b u t  no 

c r i t i c a l  p o i n t ) .  Again a v a r i e t y  of e l a b o r a t e  techniques  of chemical  

a n a l y s i s  was n e c e s s a r y .  I n  1963 Paxton 1131 employed a technique  of 

adding  s o l v e n t  t o  a mixture  which w a s  o r i g i n a l l y  u n s t a b l e  and t h e r e -  

f o r e t u r b i d  when a g i t a t e d .  I n  t h i s  way he  was a b l e  t o  e s t a b l i s h  

t h e  composi t ion of  t h e  mixture  a t  t h e  p o i n t  a t  which t h e  a g i t a t e d  
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1114 LLOYD, NARASmN, AND BURNS 

m i x t u r e  becomes clear. A series o f  s u c h  exper iments  p e r m i t s  t h e  

e s t a b l i s h m e n t  o f  t h e  c loud  p o i n t  i so therm.  However, t h e  v a l i d i t y  

of  u s i n g  t h i s  c loud  p o i n t  i s o t h e r m  to  r e p r e s e n t  t h e  b i n o d a l  i s  i n  

q u e s t i o n  [ 1 5 ] .  I n  a d d i t i o n ,  t h e  number of samples  r e q u i r e d  t o  es- 

t a b l i s h  t h e  i s o t h e r m  is excessive and t h e r e  i s  no i n f o r m a t i o n  g i v e n  

concern ing  t h e  composi t ion of  c o e x i s t i n g  phases  o r  t h e  c r i t i c a l  p o i n t .  

The technique  d e s c r i b e d  i n  t h i s  paper  e l i m i n a t e s  most of t h e  com- 

p l i c a t i o n s  encountered  i n  the s t u d i e s  mentioned above. 

OUANTITATIVE ANALYSIS USING GEL PERMEATION CHROMATOGRAPHY 
From i ts  I n c e p t i o n  i n  1960 g e l  permeat ion  chromatography (GPC) 

h a s  c o n t r i b u t e d  g r e a t l y  to t h e  s t u d y  o f  polymers i n  s o l u t i o n  by i t s  

a b i l i t y  t o  s e p a r a t e  t h e  polymer sample a c c o r d i n g  t o  t h e  s i z e  of t h e  

molecule  i n  s o l u t i o n  [ 2 2 ] .  I n i t i a l l y  t h e  pr imary u s e  of  GPC w a s  t o  

de te rmine  molecular  weight  d i s t r i b u t i o n s  o f  polymers by moni tor ing  

t h e  e f f l u e n t  from t h e  columns w i t h  a d i f f e r e n t i a l  r e f r a c t o m e t e r  [ 2 3 1 .  

I n  r e c e n t  y e a r s  a t t e m p t s  have been made t o  u s e  GPC i n  a more quan- 

t i t a t i v e  manner. Owens and Cobler  [ 2 4 ]  d i s c u s s e d  t h e  d i f f i c u l t i e s  

of o b t a i n i n g  good q u a n t i t a t i v e  d a t a  on  t h e  d i s t r i b u t i o n  of s i z e  and 

t h e  composi t ion  of  m i x t u r e s  o r  copolymers and sugges ted  t h e  u s e  o t  

m u l t i p l e  r u n s  w i t h  d i f f e r e n t  s o l v e n t s  or  t h e  u s e  of m u l t i p l e  de- 

t e c t o r s .  Bar tos iewicz  [ 2 5 ]  h a s  d e s c r i b e d  t h e  use  of var io i i s  a n a l -  

y t i c a l  methods on f r a c t i o n s  c o l l e c t e d  from GPC. T e r r y  and Rodriguez 

[ 2 6 ]  d e s c r i b e  t h e  u s e  of i n f r a r e d  s p e c t r o m e t r y  f o r  moni tor ing  t h e  

c o n c e n t r a t i o n  of  v a r i o u s  f u n c t i o n a l  groups as a f u n c t i o n  of molecular  

s i t e ,  u s i n g  m u l t i p l e  r u n s  w i t h  a monomeric material i n c l u d e d  t o  a i d  

i n  r e l a t i n g  t h e  s u c c e s s i v e  runs  t o  each o t h e r  q u a n t i t a t i v e l y .  Cantcw 

and co-workers [ 2 7 ]  as w e l l  as Runyon e t  a l .  [ 2 8 ]  have d e s c r i b e d  t h e  

u s e  of a n  u l t r a v i o l e t  (UV) monochromator in  series w i t h  a d i f f e r e n t i a l  

r e f r a c t i v e  i n d e x  (RI) d e t e c t o r  f o r  s i m u l t a n e o u s l y  d e t e r m i n i n g  t h e  com- 

p o s i t i o n  and molecular  s i z e  i n  s tyrene-butad iene  copolymer r u b b e r s .  I n  

t h i s  paper  w e  extend and q u a n t i f y  t h i s  approach by e s t a b l i s h i n g  a n  ex- 

p e r i m e n t a l  t echnique  c a p a b l e  of  a n a l y z i n g  a l a r g e  v a r i e t y  of Pl-P2-S 

sys tern. 
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MIXED POLYMER SYSTEMS 1115 

PROCEDURE 

A P1-PS-S system of  interest  is s e l e c t e d  f o r  s t u d y .  A s t o c k  

s o l u t i o n  of  P1-S is prepared .  

u s u a l l y  a t  a c o n c e n t r a t i o n  i d e n t i c a l  t o  t h e  P1-S s o l u t i o n  b u t  t h i s  

is n o t  a n e c e s s a r y  requi rement .  Using t h e s e  s t o c k  s o l u t i o n s  a series 

of t e r n a r y  m i x t u r e s  of  v a r y i n g  composi t ions  is p r e p a r e d  i n  test t u b e s  

w i t h  g l a s s  s t o p p e r s .  A l t e r n a t i v e l y ,  t h e  two s o l i d  polymers  may be  

weighed and t h e  s o l v e n t  added.  The m i x t u r e s  are a g i t a t e d  and t h e n  

p laced  i n  a tempera ture-cont ro l led  c i r c u l a t i n g  water b a t h .  

are al lowed t o  e q u i l i b r a t e  u n t i l  t h e  m i x t u r e  e i t h e r  becomes one homo- 

geneous s o l u t i o n  o r  two phases  s e p a r a t e d  by a d i s t i n c t  i n t e r f a c e .  The 

t i m e  r e q u i r e d  f o r  t h i s  attainment of e q u i l i b r i u m  may v a r y  from minutes  

t o  weeks depending on t h e  molecular  weight  of t h e  polymers ,  t h e  t e m -  

p e r a t u r e ,  t h e  t o t a l  polymer c o n c e n t r a t i o n ,  and t h e  proximi ty  t o  t h e  

c r i t i c a l  p o i n t .  

A s t o c k  s o l u t i o n  of  P2-S is  p r e p a r e d ,  

The samples  

When t h e  m i x t u r e  has  e q u i l i b r a t e d  t h e  t o p  phase i s  c a r e f u l l y  

sampled us ing  a s y r i n g e .  

v o l u m e t r i c  f l a s k  and t h e  sample d i l u t e d  w i t h  t h e  e l u e n t  be ing  

used i n  t h e  GPC. The s i z e  of t h e  v o l u m e t r i c  f l a s k ,  and t h e r e -  

f o r e  t h e  d i l u t i o n  f a c t o r ,  i s  s e l e c t e d  such  t h a t  t h e  e s t i m a t e d  Dol- 

p e r  c o n c e n t r a t i o n  of t h e  f i n a l  s o l u t i o n  i s  w i t h i n  t h e  range  of t h e  

c a l i b r a t i o n  of t h e  i n s t r u m e n t  ( t o  be d i s c u s s e d  be low) .  Using a 

c l e a n  s y r i n g e  t h e  bottom phase i s  sampled,  weighed and d i l u t e d  2 s  

was done f o r  t h e  sample of t h e  top  phase .  T h i s  procedure  i s  re-  

pea ted  f o r  each e q u i l i b r a t e d  mixture  used i n  t h e  s t u d y  of t h e  s..-s- 

tent. 

The sample i s  weighed i n t o  a pre-veighed 

I n  o r d e r  t o  a n a l y z e  q u a n t i t a t i v e l y  t h e  samples prepared  above 

i t  is n e c e s s a r y  t o  c a l i b r a t e  t h e  GPC i n  a unique f a s h i o n .  A 

ser ies  of s o l u t i o n s  of P1 i n  t h e  e l u e n t  E i s  prepared  c o v e r i n g  

t h e  c o n c e n t r a t i o n  range  of 0 . 1  t o  2.0 mgfml. The recorded  GPC 

o u t p u t  r e p r e s e n t i n g  i n d i v i d u a l l y  t h e  UV and R I  f o r  each sample 

i s  c o l l e c t e d  and t h e  area between t h e  b a s e l i n e  and t h e  chromatogram 

determined u s i n g  a p o l a r  p l a n i m e t e r .  A p l o t  of R I  area v e r s u s  pol -  

ymer c o n c e n t r a t i o n  and W area v e r s u s  polymer c o n c e n t r a t i o n  i s  used 
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1116 LLOYD, NARASIMHAN, AND BURNS 

t o  e s t a b l i s h  R I  and W e x t i n c t i o n  c o e f f i c i e n t s  f o r  polymer P1. An 

i d e n t i c a l  p rocedure  is fo l lowed f o r  polymer P2. The r e s u l t  i s  a 

set  of f o u r  e x t i n c t i o n  c o e f f i c i e n t s  t o  b e  used in d e t e r m i n i n g  con- 

c e n t r a t i o n s  of  t e r n a r y  m i x t u r e s .  

The sample t o  b e  ana lyzed  is now i n j e c t e d  i n t o  t h e  GPC and t h e  

R I  and W chromatograms c o l l e c t e d .  F i g u r e  2 r e p r e s e n t s  a t y p i c a l  

chromatogram i l l u s t r a t i n g  t h e  f a c t  t h a t  i n  t h e  u s u a l  s i t u a t i o n  t h e  

peaks f o r  t h e  two polymers t y p i c a l l y  show some o v e r l a p ,  and because  

of  i t s  a b i l i t y  t o  s e p a r a t e  molecules  based on s i z e  t h e  s o l v e n t  S 

h a s  been removed from t h e  polymers and emerges la ter  as a n  i m p u r i t y  

peak. The areas under t h e  c u r v e s  are determined and t h e  r e s u l t i n g  

v a l u e s  used i n  t h e  f o l l o w i n g  e q u a t i o n s .  

FIGURZ 2 

U LTR AV IOLET 

GPC COUNT 

T y p i c a l  GPC o u t p u t  f o r  a m i x t u r e  of two polymers 
Both polymers show a response  i n  d i f f e r e n t i a l  re- 
f r a c t i v e  i n d e x  and u l t r a v i o l e t .  
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MIXED POLYMER SYSTEMS 1117 

UVT = UVPl x P1 + UVP2 x P2 

and 

RI, = RIpl x P + R I P 2  x P2 1 

where 

W and R I T  r e p r e s e n t  t h e  t o t a l  enc losed  a r e a  f o r  t h e  UV T 
and R I  o u t p u t s  

W p I  and R I  

P r e p r e s e n t s  t h e  unknown c o n c e n t r a t i o n  of  polymer P I  

These e q u a t i o n s  c a n  b e  s o l v e d  s i m u l t a n e o u s l y  t o  y i e l d  t h e  con- 

r e p r e s e n t  t h e  W and R I  e x t i n c t i o n  c o e f f i c i e n t s  
P I  

f o r  polymer P I  

I 

c e n t r a t i o n  of P1 and P2 i n  t h e  i n j e c t e d  sample.  The t o t a l  mass of 

t h e s e  polymers i n  t h e  one phase i s  then  c a l c u l a t e d  by u s i n g  t h e  

d i l u t i o n  f a c t o r .  S i n c e  t h e  phase i s  weighed i n t o  t h e  v o l u m e t r i c  

f l a s k ,  t h e  weight  of  s o l v e n t  S can  b e  c a l c u l a t e d  by mass b a l a n c e .  

Therefore ,  t h e  e x a c t  composi t ion of t h e  phase i s  e s t a b l i s h e d .  By 

r e p e a t i n g  t h e  procedure  f o r  t h e  sample prepared  from the  cu- 

e x i s t i n g  phase t h e  t i e  l i n e  can  be  e s t a b l i s h e d .  Bp r e p e a t i n g  f o r  

a l i m i t e d  number of mixtures  t h e  b i n o d a l  c a n  be  e s t a b l i s h e d  and 

t h e  c r i t i c a l  p o i n t  determined.  

ADVANTAGES OF TECHNIQUE 

The technique  as o u t l i n e d  above has  a number of  advantages  

over  t h e  techniques  p r e v i o u s l y  r e p o r t e d  i n  t h e  l i t e r a t u r e .  

(1) The technique  may be  employed f o r  any polymer-polymer- 

s o l v e n t  system provided t h e  polymers are s o l u b l e  i n  t h e  

e l u e n t ,  t h e  e l u e n t  does n o t  cause  i n t e r f e r e n c e  i n  t h e  

UV and R I  a n a l y s i s ,  and t h e  e x t i n c t i o n  c o e f f i c i e n t s  of 

t h e  polymers can be  e s t a b l i s h e d  over  t h e  range of  molecular  

weights  be ing  c o n s i d e r e d .  A l i s t  of e l u e n t s  used i n  GPC i n  

the  p a s t  i n c l u d e s :  methylene c h l o r i d e ,  t e t r a h v d r o f u r a n ,  

t o l u e n e ,  p e r c h l o r o e t h y l e n e ,  ch loroform,  m-cresol ,  

dimethylformamide, benzene, o-chlorophenol ,  carbon 

t e t r a c h l o r i d e ,  1 ,2 .4- t r ich lorobenzene ,  o-dichlorobenzene,  

water and o t h e r s .  
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1118 LLOYD, NARASPMAN, AND BURNS 

(2)  

(3)  

(4) 

Because of i t s  a b i l i t y  t o  s e p a r a t e  molecules  a c c o r d i n g  t o  

s i z e  i n  s o l u t i o n  no p r e - a n a l y s i s  sample p r e p a r a t i o n s  are 
r e q u i r e d  o t h e r  t h a n  f i l t r a t i o n  of t h e  i n j e c t e d  sample t o  

remove d u s t .  In most a n a l y t i c a l  t echniques  employed i n  t h e  

past: i t  was n e c e s s a r y  t o  remove any component which may 

i n t e r f e r e  w i t h  t h e  a n a l y s i s .  This o f t e n  r e q u i r e d  d r y i n g  

t h e  sample t o  remove s o l v e n t  o r  more e l a b o r a t e  procedures  

t o  remove I n h i b i t o r s ,  a n t i o x i d a n t s ,  e t c .  which may accompany 

t h e  polymers. The GPC a u t o m a t i c a l l y  removes t h e s e  components 

p r i o r  t o  passage  through t h e  d e t e c t i o n  d e v i c e  and e l i m i -  

n a t e s  any i n t e r f e r e n c e .  

A minimal number of samples  are r e q u i r e d  t o  e s t a b l i s h  t h e  

b l n o d a l .  I n  most sys tems s t u d i e d  i n  o u r  l a b o r a t o r i e s  f i v e  

mixtures  ( i .e .  t e n  phases)  were s u f f i c i e n t  t o  d e f i n e  t h e  

b i n o d a l .  The l e n g t h  o f  t i m e  r e q u i r e d  t o  s t u d y  one complete  

system is  s h o r t  i n  comparison t o  many o f  t h e  chemical  methods 

o r  t h e  c loud  p o i n t  d e t e r m i n a t i o n .  

While o t h e r  techniques  have demonstrated t h e i r  a b i l i t y  t o  

g e n e r a t e  b i n o d a l s ,  t i e  l i n e s ,  and c r i t i c a l  p o i n t s  no o t h e r  

technique  matches t h e  GPC i n  terms of c e r t a i n t y ,  e a s e  and 

time. These advantages  cannot  b e  overemphasized.  There has 

been some doubt  expressed  concern ing  t h e  a b i l i t y  of t h e  c loud  

p o i n t  i s o t h e r m  t o  r e p r e s e n t  t h e  b i n o d a l  [ 1 5 ] ,  and t h e  c loud  

p o i n t  i s o t h e r m  g i v e s  no i n f o r m a t i o n  a b o u t  t i e  l i n e s  o r  t h e  

cr i t ical  p o i n t .  S i n c e  I t  is  t h e  b i n o d a l  which i s  of  prac-  

t i c a l  importance t h e  a b i l i t y  t o  e s t a b l i s h  t h i s  c u r v e  pos i -  

t i v e l y  is a n e c e s s i t y .  Provided a d e q u a t e  t i m e  is al lowed 

to  e s t a b l i s h  e q u i l i b r i u m  p r i o r  t o  sampling t h e  v a l i d i t y  o f  

t h e  b i n o d a l  e s t a b l i s h e d  by t h e  GPC technique  is c e r t a i n .  The 

a b i l i t y  t o  g e n e r a t e  t i e  l i n e s  and c r i t i c a l  p o i n t s  has  r e c e n t l v  

gained a d d i t i o n a l ' i m p o r t a n c e .  In t h e  past  t h e o r e t i c a l  t reat-  

ments of I n c o m p a t i b i l i t y  were l i m i t e d  because  of  t h e  i n a b i l i t y  t o  

e x p e r l m e n t a l l y  g e n e r a t e  t h e  r e q u i r e d  d a t a .  One such t r e a t m e n t  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



M I X E D  POLYMER SYSTEMS 1119 

by Hsu and P r a u s n i t z  I291 d e a l s  w i t h  t h e  problem by p r e d i c t i n g  

t h e  composi t ions of t h e  c o e x i s t i n g  phases ,  e s t a b l i s h i n g  t i e  

l i n e s ,  and thereby  t r a c i n g  t h e  b i n o d a l  and de termining  t h e  

c r i t i c a l  p o i n t .  I n  t h e i r  work they  had no way of c o n v e n i e n t l y  

v e r i f y i n g  t h e i r  p r e d i c t i o n s  e x p e r i m e n t a l l y .  The technique  out -  

l i n e d  i n  t h i s  paper should  s o l v e  t h i s  problem. 

EXPERIMENTAL 

For t h e  purposes  of i l l u s t r a t i o n  of  t h e  technique  t h e  system 

p o l y s t y r e n e  (PS)-polybutadiene (PBD)-tetrahydrofuran (THF) i s  

r e p o r t e d .  

i n v e s t i g a t o r s  b o t h  i n  t h e  s o l i d  s t a t e  and i n  s o l u t i o n  [ll-13,18-211 

The u s e  of GPC is uniquely s u i t e d  t o  t h i s  systci?.because of t h e  

a b i l i t y  t o  e l i m i n a t e  t h e  e f f e c t  on t h e  a n a l y s i s  of t h e  a n t i o x i d a n t  

(2,6-ditertiarybutyl-4-methylphenol) which must be p r e s e n t  t o  pre- 

v e n t  c r o s s l i n k i n g  of t h e  PBD. 

The PS-PBD system has been s t u d i e d  and r e p o r t e d  by many 

NATERIALS &YD YETHODS 

The c h a r a c t e r i s t i c s  of t h e  commercial PS ( P r e s s u r e  Chemical 

Co.) and t h e  PBD ( P h i l l i p s  Petroleum Co.) samples a r e  given i n  

Table  1. The polymers were employed as rece ived  w i t h  no f u r t h e r  

p u r i f i c a t i o n  o r  pre- t rea tment .  

TABLE 1 

CHAMCTERISTICS OF POLSMER SAXPLES 

Manufac turer ’s  Data 

Sample 

PS 9,000 
PS 37,000 
PS 110,000 

PBS 17,000 
PBD 170,008b 

9.18 9.17 <1.06 
36.0 33.0 <1.06 

110.0 110.0 ‘1.06 

17.0 ? 1 . 7  16.0 2 1 . 6  
170.0 1 7  135.0 2 1 3  

1.06 
1.26 

a 43.5% c i s ,  49.1% t r a n s ,  7.4% v i n y l ,  0.04% a n t i o x i d a n t  
b 47.1% c i s ,  44.5% t r a n s ,  8.4% v i n y l ,  0.04% a n t i o x i d a n t  
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1120 LLOYD, NAUSIMHAN, AND BURNS 

I n  t h e  m a j o r i t y  of sys tems t h e  s o l v e n t  employed, bo th  as t h e  

mutual  s o l v e n t  in t h e  ternary system and as t h e  e l u e n t  i n  t h e  GPC 

w a s  p r a c t i c a l  g rade  t e t r a h y d r o f u r a n  (THF) s u p p l i e d  by F i s h e r  

S c i e n t i f i c  C o . ,  and d i s t i l l e d  p r i o r  t o  use .  For  one t e r n a r y  svs tem 

t h e  s o l v e n t  employed was 1.2,3,4-tetrahydronaphthalene ( T e t r a l i n )  

s u p p l i e d  by F i s h e r  S c i e n t i f i c  Company and used as r e c e i v e d .  

The q u a n t i t a t i v e  a n a l y s i s  of t h e  samples  was done u s i n g  a Waters 

200 GPC equipped w i t h  a n  u l t r a v i o l e t  u n i t  u s i n g  a monochromatic l i g h t  

o f  wave l e n g t h  254 nm and a d i f f e r e n t i a l  r e f r a c t i v e  index  u n i t  u s i n g  

w h i t e  l i g h t .  The d e t e c t o r s  were p o s i t i o n e d  i n  series a l o n g  t h e  e l u e n t  

p a t h  and t h e i r  o u t p u t s  were recorded on  a two-channel Texas I n s c r u m n c s  

r e c o r d e r .  The GPC was used w i t h  f o u r  columns c o n t a i n i n g  S t y r a g e l  

packing of t h e  fo l lowing  s i z e  d e s i g n a t i o n s :  

50 O O O K ,  150 000 - 170 0001 and 5 000 0001. 

min and t h e  i n j e c t e d  s a n p l e  s i z e  w a s  2.0 m l .  

2000 - 5000A. 15 000 - 
The f low r a t e  was 1 n l /  

A series of samples of  each P S  and each PBD i n  THF c a v e r i n g  t h e  

c o n c e n t r a t i o n  range 0 . 1  mgfml t o  2.0 mg/ml was passed throu3h t h e  C r S  

and t h e  UV and t h e  RX o u t p u t s  f o r  each sample r e c o r d e d .  The a r e a  

under each chromatogram was determined u s i n g  a p o l a r  p l a n i m e t e r ,  3 

p l o t  made of area v e r s u s  c o n c e n t r a t i o n  of polvmer, and e x t i n c t i s r .  

c o e f f i c i e n t s  de te rmined .  

The t e r n a r y  mixtures  were p r e p a r e d ,  sampled, and ana lyzed  a s  

o u t l i n e d  i n  t h e  s e c t i o n  PROCEDLTE. 

I n  o r d e r  t o  v e r i f y  t h e  v a l i d i t y  and accuracy  of the  technial ie  

a series of samples r e p r e s e n t i n g  a v a r i e t y  of combinat ions of PS a m  

PBD i n  THF, and a v a r i e t y  of c o n c e n t r a t i o n s  of  each component were 

prepared .  The mixture  of known composi t ion w a s  sampled ( w i t h o u t  

a l lowing  e q u i l i b r i u m  t o  be  e s t a b l i s h e d )  and t h e  m i x t u r e  ana lyzed  i n  

t h e  manner t o  be  used t o  a n a l y z e  unknown sys tems.  

RESULTS AND DISCUSSION 

In F i g u r e  3 are p r e s e n t e d  t y p i c a l  r e s u l t s  f o r  t h e  c a l i b r a t i o n  

of  t h e  GPC. Within t h e  c o n c e n t r a t i o n  range  of  s t u d y  t h e  UV and R I  

area v a r i e s  l i n e a r l y  w i t h  c o n c e n t r a t i o n  of  polymer. The e x t i n c t i o n  

c o e f f i c i e n t  f o r  each system s t u d i e d  is l i s t e d  i n  Table  2. In t n i s  
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FIGURE 3 

TYPICAL CALIBRATION CURVES 

8 -  

c1 .s 6 -  

si - 
a 
a 
Q. 4 -  

W 

o 0.2 0.4 06 a8 LO 1.2 1.4 16 1.e ~ 

CONCENTRATION OF POLYMER (mg I m l )  
0 

Typica l  c a l i b r a t i o n  c u r v e s  € o r  t h e  u l t r a v i o l e t  
a n d , d i f f e r e n t i a l  r e f r a c t i v e  index response  f o r  one 
polymer. 

TABLE 2 
EXTINCTION COEFFICIENTS FROM THE GPC CALIBRATIONS 

U 1  t r a v i o l e  t R e f r a c t i v e  Index 
Polymer ( i n 2  ml/mg) ( i n 2  ml/mg) 

PS 110,000 4.50 3.16 
PS 37,000 4.55 3.19 
PS 9,000 4.55 3.17 
PBD 170,000 - 2.30 
PBD 17,000 - 2.30 

c a s e  the  UV e x t i n c t i o n  c o e f f i c i e n t s  f o r  t h e  polybutadiene  samples are  

zero .  This  is t o  b e  expected s i n c e  PBD shows no response  i n  UV 
l i g h t  of 254 m [28]. Barrel1 e t  a l .  have p r e d i c t e d  t h a t  the  ex- 

t i n c t i o n  c o e f f i c i e n t s  of polymers w i l l  v a r y  w i t h  molecular  weight  

[30] .  While t h e  r e s u l t s  do i n d i c a t e  a very  slight v a r i a t i o n  of 

e x t i n c t i o n  c o e f f i c i e n t s  wi th  molecular  weight  no d i s t i n c t  t rend  i s  
e s t a b l i s h e d .  
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1122 LLOYD, NARASIMHAN, AND BURNS 

The a b i l i t y  of t h e  p r e s e n t  technique  t o  d e t e r m i n e  t h e  com- 

p o s i t i o n  of  m i x t u r e s  was v e r i f i e d  by p r e p a r i n g  t e r n a r y  samples  o f  

p r e c i s e l y  known composi t ions  and sampling t h e  a g i t a t e d  m i x t u r e .  

With t h e s e  samples  i t  was p o s s i b l e  to p r e d i c t  t h e  e x a c t  W and R I  

t o t a l  areas expec ted .  When t h e  sample w a s  ana lyzed  on t h e  GPC 

t h e  t o t a l  areas were determined and compared t o  t h e  p r e d i c t e d  areas. 

F i g u r e  4 p r e s e n t s  t y p i c a l  r e s u l t s  f o r  t h e  t o t a l  R I  area f o r  two 

systems a t  v a r i o u s  mass f r a c t i o n s  o f  t h e  two polymers. The 

e x p e r i m e n t a l l y  determined r e s u l t s  are  i n  e x c e l l e n t  agreement w i t h  

t h e  areas p r e d i c t e d .  

The r e s u l t s  f o r  v a r i o u s  PS-PBD-THF systems a t  23'C are  
p r e s e n t e d  in F i g u r e s  5 through 7 .  A d e t a i l e d  d i s c u s s i o n  o f  t h e s e  

r e s u l t s  and t h e  i m p l i c a t i o n s  of  t h e  t i e  l i n e s  ( t h e i r  l o c a t i o n  and 

s l o p e ) ,  t h e  l o c a t i o n  of  t h e  c r i t i c a l  p o i n t ,  and t h e  l o c a t i o n  and 

shape  of  t h e  b i n o d a l  is g i v e n  i n  o u r  r e c e n t  p u b l i c a t i o n s  

o ps 110000 AND POD imooo 
0 Pt 37 OOO AND PBD 17000 

t20,211. 

I 

t o t a l  a r e a s  
under R I  chromatograms f o r  mixed polymer svstems.  
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THF 

FIGURE 

CRITICAL POINT 

PBD 0.50 Ps 
WfPS 

J Phase diagram fo r  PSllO 0001 PBD 170 OOO/THF 
2 3  k 0.4OC. 

CRITICAL POINT 

PBD 0.50 Ps 
WfPS 

J Phase diagram fo r  PSllO 0001 PBD 170 OOO/THF 
2 3  k 0.4OC. 

THF 

a t  

FIGURE 6 Phase diagram f o r  PS370001 PBDl7000/THF at 2 3  f 
0 . 4 O C .  
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1124 LLOYD, NARASIMHAN, AND BURNS 

THF 

POINT CRlTICAt POINT 

PBO 0 so PS 
WTPS 

I" 'Vlps 
0 so PBO 
WTPS 

FIGURE 7 Phase diagram €or PS9000/ PBD 170i)O!THF ;it 2 ;  z 
0.4OC. 

The p r e s e n t  d i s c u s s i o n  d e a l s  w i t h  t h e  technique  and what r e s u l t s  

can be  expected.  In t h e s e  f i g u r e s  i t  can be  s e e n  t h a t  t h e  binodal. 

is q u i c k l y  and a c c u r a t e l y  e s t a b l i s h e d  w i t h  between f o u r  and s i s  

t i e  l ines.  More t i e  l i n e s  t h a n  t h o s e  shown were la ter  determined 

and were found t o  show e x c e l l e n t  agreement w i t h  t h e  o r i g i n a l  

samples. The bot tom t i e  l i n e  i n  F i g u r e  7 i s  of  p a r t i c u l a r  i n t e r e s t  

This sample, which is approximate ly  40 to 50% by mass polymer w a s  

ex t remely  slow t o  reach  e q u i l i b r i u m .  The phases  were sampled early 

t o  de te rmine  what i n f l u e n c e  on t h e  tie l i n e  t h i s  l a c k  of e q u i l i -  

br ium would have. The r e s u l t  is t h a t  t h e  t i e  l i n e  does n o t  ex tend  

f u l l y  t o  t h e  b inodal .  Given f u r t h e r  t i m e  t h e  phases  would become 

more c o n c e n t r a t e d  i n  the a p p r o p r i a t e  component and t h e  composi t ions  

o f  t h e  phases  f a l l  on t h e  b i n o d a l .  The system PS-PBD-THF is  a 

convenient  s i m p l i f i c a t i o n  o f  t h e  v a r i e t y  of  p o s s i b l e  systems t h a t  
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M I X E D  POLYMER S Y S m S  1125 

could be analyzed by the GPC technique. In this system the ternary 

solvent S is identical to the eluent, and therefore, there is one 
less component to deal with in the total system. The PS-PBD-THF 
system does however present one potential problem and that is the 

anitoxidant 2,6-ditertiarybutyl-4-methylphenol (Ionol) present in 

the PBD. The GPC simply eliminates this low molecular weight contam- 
inant prior to passage through the metering system. The Ionol emerges 

from the system as a low molecular weight impurity and has no 

influence on the compositional determinations. If we add the compli- 
cating factor of a different ternary solvent the capabilities and 

the limitations of the technique are put to a more demanding test. 

(Recall that with most conventional techniques the solvent had to 

be removed prior to sample analysis.) 

as the ternary system solvent l92,3,4-tetrahydronaphtha1ene (Tetralin) 

a viscous, high boiling point solvent with molecular weight of 132.31, 
viscosity of 2.202 cp (at 2ODC), specific gravity of 0.970, and 

As a severe test we selected 

TETRALIN 

CRITICAL POINT 

PBD 0 5  PS 
WTPS 

FIGURE 8 Phase diagram fo r  PSllO o O O /  PBD 170 OOO/ Tetralin 
at 29 f 0 . 4 O C .  
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boiling point of 208'C, compared to a molecular weight of 7 2 . 1 1 ,  

viscosity of 0.486 cp (at 20'13, specific gravity of 0.889 and 
boiling of 65OC for the THF [31]. 
at 29'C are presented in Figure 8. Four of the five tie lines 
illustrate a definite trend and these points were used to establish 
the binodal. The apparent inaccuarcy of the fifth tie line results 

from the factthat Figure 8 is plotted on an extremely magnified 
scale, thereby exaggerating even the slightest inaccuracies. The 

results i n  Figure 8 illustrate that the technique easily produces 
an accurafe representatgon of the binodal for systems of  reasonable 
complexity (i.e. the presence of a solvent S different than eluent 
as well as the presence of antioxidant). 

The results for one such system 

CONCLUSIONS 

A convenient technique has been developed for analyzing solutions 

containing polvmer 1, polymer 3, and solvent. The technique takss 
advantage of the abilitv of gel perneation chromatography co se?srate  

molecules according to size in solution, and requires dual d e t e c t o r s  

in series to monitor the GPC effluent. The technique has shown 

applicability in ternary phase studies vielding accurate representa- 
tions of  the binodal, tie lines, and critical point with a minimal 
number of samples. The presence of contaminants such as antioxidants 
or a second solvent presents little problem. It is expected that 
this chromatographic technique of studying mixed polymer solutions 

will find widespread use i:1 the future as a means of experimentally 
verifying some of the latest theoretical treatments oE incompatibilicy. 
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