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RELIABILITY OF CHROMATOGRAPHIC RESULTS 
I N  DETERMINATION OF NARROW MOLECULAR 

WEIGHT DISTRIBUTIONS OF POLYMERS 

J, JanEa and I<. K l e p a r n i k  
I n s t i t u t e  o f  A n a l y t i c a l  C h e m i s t r y ,  

Czechos lovak  Academy o f  Sc iences ,  
611 42 Brno,  C z e c h o s l o v a k i a  

ABSTRACT 

The i n f l u e n c e  o f  t h e  p r o c e d u r e  f o r  n u m e r i c a l  
e v a l u a t i o n  o f  chromatograms on t h e  p r e c i s i o n  o f  t h e  
c a l c u l a t e d  m o l e c u l a r  p a r a m e t e r s  o f  chromatographed 
p o l y m e r s  and t h e  e f f e c t  o f  t h e  p r e c i s i o n  o f  t h e  
measured p h y s i c a l  p a r a m e t e r s  t h a t  d e t e r m i n e  t h e  r e -  
s u l t i n g  chromatogram a r e  s t u d i e d  t h e o r e t i c a l l y  i n  
t h i s  paper.  I t  i s  shown by u s i n g  mode l  l o g - n o r m a l  
and P o i s s o n  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n s  t h a t  
m o l e c u l a r  p a r a m e t e r s  and p o l y d i s p e r s i t y  o f  p o l y m e r s  
w i t h  n a r r o w  and u l t r a - n a r r o w  m o l e c u l a r  w e i g h t  d i s -  
t r i b u t i o n s  i n  p a r t i c u l a r  can  be d e t e r m i n e d  by  
c h r o m a t o g r a p h i c  s e p a r a t i o n  methods w i t h  h i g h  r e l i -  
a b i l i t y  w h i c h  canno t  be o b t a i n e d  when o t h e r  me- 
t h o d s  a r e  used. 

INTRODUCTION 

S i z e  e x c l u s i o n  ch romatog raphy  (SEC), c a l l e d  

a l t e r n a t i v e l y  g e l  p e r m e a t i o n  ch romatog raphy  (GPC), 
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194 JANCA AND KLEPARNIK 

has a l r e a d y  become a s t a n d a r d  method f o r  c h a r a c t e -  

r i z i n g  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n s  (MWD) o f  po- 

lymers.  I n  compar ison w i t h  c l a s s i c a l  methods, such 

as, e.g., p r e c i p i t a t i o n  f r a c t i o n a t i o n  and subsequent 

measurement o f  m o l e c u l a r  w e i g h t s  o f  s e p a r a t e d  f r a c -  

t i o n s , i s  m a n i f o l d  more r a p i d  and average m o l e c u l a r  

w e i g h t s  and MWD a r e  more p r e c i s e .  The p r e c i s i o n  o f  

2 - 5 % o f  m o l e c u l a r  w e i g h t s  (1) t h a t  i s  u s u a l l y  

o b t a i n e d  i s  e n t i r e l y  a c c e p t a b l e  f o r  t h e  d e t e r m i n a -  

t i o n  o f  m o l e c u l a r  w e i g h t s  and p o l y d i s p e r s i t y  v a l u e s  

o f  common polymers.  The d e t e r m i n a t i o n  o f  m o l e c u l a r  

w e i g h t s  and p o l y d i s p e r s i t y  i n d i c e s ,  I, o f  po l ymers  

w i t h  na r row and u l t r a - n a r r o w  MWD r e q u i r e s  t h e  use 

o f  h i g h - e f f i c i e n c y  chromatography methods. Thanks 

t o  t h e  improvement i n  t h e  t e c h n o l o g y  o f  t h e  p repa-  

r a t i o n  o f  columns f o r  SEC, h i g h  e f f i c i e n c i e s  were 

o b t a i n e d ,  and t h u s  i t  was made p o s s i b l e  t o  o b t a i n  

i n  t h e  s e p a r a t i o n  o f  po l ymers  w i t h  na r row M W D  r e -  

s u l t s  w i t h  h i g h e r  r e l i a b i l i t y .  The i n v e n t i o n  of 
f i e l d - f l o w  f r a c t i o n a t i o n  ( F F F )  has opened f u r t h e r  

p o s s i b i l i t i e s  o f  o b t a i n i n g  h i g h  s e l e c t i v i t y  and 

h i g h  r e s o l u t i o n  i n  f r a c t i o n a t i o n  o f  po l ymers  (2,3). 
As a r e s u l t  o f  t h i s  p r o g r e s s  a q u e s t i o n  

appears what a r e  t h e  p r e s e n t  p o s s i b i l i t i e s  and li- 

m i t s  o f  t he  d e t e r m i n a t i o n  o f  a c c u r a t e  and p r e c i s e  

v a l u e s  of  p o l y d i s p e r s i t y  o f  po l ymers  w i t h  n a r r o w  

and u l t r a - n a r r o w  MWD. If a p p r o x i m a t e l y  f i f t e e n  

y e a r s  ago t h e  s e p a r a t i o n  o f  po l ymers  i n t o  i n d i v i d u -  

a l  mers was p r a c t i c a l l y  n o t  o b t a i n a b l e  and o b t a i n -  

ment of  t h e  p o l y d i s p e r s i t y  i n d e x  o f  f r a c t i o n s ,  

I = 1.2, by c l a s s i c a l  methods was c o n s i d e r e d  t o  

be a success, nowadays i t  i s  p o s s i b l e  t o  f r a c t i o r r -  

a t e  i n t o  i n d i v i d u a l  mers o l i g o m e r s  up t o  p o l y m e r i -  
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NARROW MOLECULAR WEIGHT DISTRIBUTIONS 195 

z a t i o n  degrees  ca. 1 5  - 25 and b o t h  t o  d e t e r m i n e  

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

w i t h  p o l y d i s p e r s i t y  v a l u e s  l o w e r  t h a n  I = 1.1. The 

q u e s t i o n  how r e a l  m o l e c u l a r  p a r a m e t e r s  and p o l y d i s -  

p e r s i t y  v a l u e s  c a l c u l a t e d  f r o m  e x p e r i m e n t a l  chroma- 

t o g r a p h i c  d a t a  o f  p o l y m e r s  w i t h  n a r r o w  and u l t r a -  

n a r r o w  MWD a r e ,  has, however, n o t  been s t u d i e d .  F o r  

p h y s i c o - c h e m i c a l  s t u d i e s  o f  mode l  s y n t h e t i c  p o l y -  

mers and f o r  r e s e a r c h  of  b i o p o l y m e r s  i n  p a r t i c u l a r ,  

t h e  answer t o  t h i s  q u e s t i o n  i s  o f  f u n d a m e n t a l  

s i g n i f i c a n c e ,  

THEORETICAL CONSIDERATIONS 

Chromatogram G ( V )  i s  a d i s t r i b u t i o n  c u r v e  i n  

c o o r d i n a t e s  of  t h e  e l u t i o n  volume and o f  t h e  d e t e c t o r  

response  t o  an i n s t a n t a n e o u s  c o n c e n t r a t i o n  o f  an  

e l u t i n g  m a c r o m o l e c u l a r  s p e c i e s ,  The p o s i t i o n ,  t h e  

w i d t h  and t h e  shape o f  t h e  chromatogram p r o v i d e  t h e  

i n f o r m a t i o n  on average  m o l e c u l a r  w e i g h t s  and MWD o f  

a p o l y m e r  sample under  s e p a r a t i o n  and on t h e  peak 

b r o a d e n i n g  caused b y  t h e  i n j e c t i o n ,  t h e  co lumns and 

t h e  d e t e c t o r .  All k i n d s  o f  t h e  d a t a  m e n t i o n e d  above 

can be  o b t a i n e d  b y  e v a l u a t i n g  and i n t e r p r e t i n g  an 

e x p e r i m e n t a l  chromatogram i n  a s u i t a b l e  manner. Each 

k i n d  o f  t h e  i n f o r m a t i o n  o b t a i n e d  w i l l  s u f f e r  f rom 

t h e  p r i m a r y  e r r o r  o f  t h e  measurement o f  p h y s i c a l  

q u a n t i t i e s  i n  t h e  m e n t i o n e d  c o o r d i n a t e s  o f  t h e  

chromatogram. L e t  U S  n o t i c e  f i r s t  t h e  c o o r d i n a t e  o f  

t h e  e l u t i o n  volume w h i c h  can be t r a n s f o r m e d  i n t o  t h e  

c o o r d i n a t e  o f  t h e  m o l e c u l a r  w e i g h t  by  u s i n g  a c a l i -  

b r a t i o n  (1). The p r e c i s i o n  o f  t h e  d e t e r m i n a t i o n  o f  

m o l e c u l a r  w e i g h t s  and p o l y d i s p e r s i t y  i n d e x  o b t a i n -  

a b l e  b y  SEC method can be c a l c u l a t e d  t h e o r e t i c a l l y .  
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196 JANCA AND IUEPARNIK 

The f o l l o w i n g  r e l a t i o n s h i p  h o l d s  between t h e  e l u t i o n  

t i m e  and t h e  p a r t i t i o n  c o e f f i c i e n t  

(1) v = vo t. KSEC vi e 

and f o r  t he  r e l a t i o n s h i p  between KSEC and t h e  r a t i o  

o f  t h e  s i z e  o f  t h e  s e p a r a t e d  macromolecules o f  sphe- 

r i c a l  shape t o  t h e  s i z e  o f  a c y l i n d r i c a l  p o r e  i t  

h o l d s  t h a t  

( 2 )  
2 KSEC = (1 - R / r )  

F o r  t h e  macromolecule t h e  r e l a t i o n s h i p  can be 

w r i t t e n  between t h e  r a d i u s  o f  an e q u i v a l e n t  hyd ro -  

dynamic sphere and t h e  p r o d u c t  o f  

o n a l  t o  t h e  hydrodynamic volume, 
[Q].M, p r o p o r t i -  

By s u b s t i t u t i n g  f rom t h e  Mark-Houwink e q u a t i o n  

I< Ma 

and by r e a r r a n g i n g  i t  is o b t a i n e d  

( 4 )  

T h e  c a l i b r a t i o n  c u r v e  of  a system of  columns f o r  S E C  

i s  u s u a l l y  c o n s t r u c t e d  i n  t h e  c o o r d i n a t e s  I n  M 

ve rsus  V o r  KSEC. The maximal  s e l e c t i v i t y  

d I n  M / d KSEC is o b t a i n e d  i n  t h e  p o i n t  o f  i n f l e x -  

i o n  o f  t h e  c a l i b r a t i o n  c u r v e  f o r  w h i c h  i t  h o l d s  

e 

2 d I n  M/d2 I L E C  = 0 
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NARROW MOLECULAR WEIGHT DISTRIBUTIONS 197 

Hence i t  can be w r i t t e n  

The p o i n t  o f  i n f l e x i o n  i s  t h u s  i n  c o o r d i n a t e  I<SEC = 

= 0.25 and t h e  s l o p e  o f  t h e  c a l i b r a t i o n  c u r v e  a t  

t h i s  p o i n t  o f  i n f l e x i o n  i s  

F o r  t h e  o b t a i n a b l e  p r e c i s i o n  o f  t h e  d e t e r m i n a t i o n  o f  

t h e  m o l e c u l a r  w e i g h t  expressed i n  terms o f  p e r  c e n t s  

o f  t h e  d e v i a t i o n ,  % M, wh ich  depends on t h e  r e p r o -  

d u c i b i l i t y  of  t h e  e l u t i o n  volume o r ,  more p r e c i s e l y ,  

on t h e  a b s o l u t e  d e v i a t i o n  f rom t h e  c o r r e c t  va lue ,  

AI<SEC, i t  can then  be w r i t t e n  

'''SEC 
9/0 M = 1 1  - exp ( )I x 100 (9 )  

a + l  

Percen tage  d e v i a t i o n  o f  p o l y d i s p e r s i t y  i n d e x ,  % I, 
can a l s o  be c a l c u l a t e d  w i t h  t h e  a i d  o f  Eq. (9 ) .  In 
t h i s  case, 

p r e c i s i o n  o f  t h e  d i f f e r e n c e  i n  t h e  p a r t i t i o n  c o e f f i -  

c i e n t s  t h a t  co r responds  t o  t h e  p a r t i c u l a r  v a l u e  o f  

p o l y d i s p e r s i t y .  T a b l e  1 p r e s e n t s  t h e  v a l u e s  o f  % M 

AI<SEC has t h e  meaning of t h e  a b s o l u t e  
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198 JANCA AND KLEPARNIK 

TABLE 1 

I n f l u e n c e  o f  t h e  P r e c i s i o n  o f  E l u t i o n  Volume Measu- 
rement  on t h e  P r e c i s i o n  o f  M o l e c u l a r  W e i g h t s  and 
P o l y d i s p e r s i t y  I n d i c e s  C a l c u l a t e d  f r o m  SEC D a t a  a t  
t h e  M a x i m a l  S e l e c t i v i t y  

P r e c i s i o n  o f  e l u t i o n  P r e c i s i o n  o f  c a l c u l a t e d  mo- 
vo lume measurement l e c u l a r  p a r a m e t e r s  

(% r e l a )  % M  % I a t  % 1 a t  
I = 1.1 I = 2.0 

1 .o 
0.5 
0*1 
0.01 

7.30 0.095 0.70 
3.60 0.048 0 a35 
0 a 7 1  0.009 0 e 0 7  
0.35 0.005 0.03 

and % I c a l c u l a t e d  t h e o r e t i c a l l y  ( f o r  two  d i f f e r e n t  

v a l u e s  o f  I) f o r  d i f f e r e n t  v a l u e s  o f  r e l a t i v e  e r r o r s  

o f  r e t e n t i o n  vo lumes,  w h i c h  a r e  a c t u a l l y  o b t a i n a b l e  

w i t h  r e s p e c t  t o  t h e  p r e c i s i o n  o f  pumps o r  s e n s i n g  

e l e m e n t s  m e a s u r i n g  t h e  f l o w - r a t e  o r  t h e  vo lume o f  

t h e  e l u e n t  passed.  

F o r  i n s t a n c e ,  i f  t h e  e l u t i o n  vo lume i s  r e a d  w i t h  t h e  

p r e c i s i o n  o f  0.5 %, w h i c h  i s  t h e  p r e c i s i o n  commonly 

reached  w i t h  t h e  use  o f  c o m m e r c i a l  pumps, t h e  o b t a i n -  

a b l e  p r e c i s i o n  o f  t h e  d e t e r m i n a t i o n  o f  m o l e c u l a r  

w e i g h t s  i s  comparab le  w i t h  t h e  m a x i m a l  p r e c i s i o n  o f  

t h e  measurement o b t a i n a b l e  by,  e.g., l i g h t - s c a t t e r -  

i n g  o r  osmometry  (1). The p r e c i s i o n  o f  t h e  

d e t e r m i n a t i o n  o f  p o l y d i s p e r s i t y ,  I, b y  means of SEC 
exceeds t h e  p r e c i s i o n  o b t a i n a b l e  b y  a b s o l u t e  methods  

by  an o r d e r  o f  m a g n i t u d e  (l), 
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NARROW MOLECULAR WEIGHT DISTRIBUTIONS 199 

When t h e  o b t a i n a b l e  p r e c i s i o n  o f  t h e  d e t e c t o r  

response t o  t h e  e l u t i n g  s o l u t i o n  o f  a po lymer,  i.e., 

t h e  e r r o r  o f  t h e  r e a d i n g  o f  p h y s i c a l  q u a n t i t y  o f  t h e  

o t h e r  chromatogram c o o r d i n a t e  i s  c o n s i d e r e d ,  i t  i s  

advantageous t o  s t a r t  f rom p h y s i c a l  c a p a b i l i t i e s  o f  

t h e  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  as t h e  most u n i v e r s a l  

d e t e c t o r  o f  t h e  po lymer c o n c e n t r a t i o n  i n  t h e  e l u a t e .  

The change i n  t h e  r e f r a c t i v e  i n d e x  o f  t h e  po lymer  

s o l u t i o n  a t  a g i v e n  c o n c e n t r a t i o n  i n  compar ison w i t h  

t h e  r e f r a c t i v e  i n d e x  o f  t h e  p u r e  s o l v e n t  w i l l  be de- 

t e r m i n e d  by t h e  r e l a t i o n s h i p  

I dn W 

dc 
AR.1. = - X C 1 X -  

W 
X 

The mean v a l u e  of  t h e  r e f r a c t i v e  i n d e x  i n c r e -  

ment i s  u s u a l l y  dn/dc = 0.1 (m l /g ) ,  t h e  concen t ra -  

t i o n  o f  t h e  polymer s o l u t i o n  i n j e c t e d  i s  u s u a l l y .  

cI = 0.001 g / m l ,  and t h e  r a t i o  o f  t h e  w i d t h  o f  t h e  

i n j e c t i o n  t o  t h e  w i d t h  o f  t h e  e l u t i n g  zone s h o u l d  be 

wI/wT = 0.05 ( 4 ) .  The n o i s e  o f  t h e  b a s e - l i n e  o f  a 

good q u a l i t y  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  i s  5 x 

u n i t s  o f  t h e  r e f r a c t i v e  i n d e x  and hence a c c o r d i n g  

t o  Eq. (10) t h e  o b t a i n a b l e  p r e c i s i o n  o f  t h e  d e t e c t o r  

response i n  t h e  v i c i n i t y  o f  t h e  maximum o f  t h e  e l u -  

t i o n  c u r v e  i s  a p p r o x i m a t e l y  1 %. 
A p p r o x i m a t e l y  i d e n t i c a l  q u a n t i t a t i v e  c o n c l u -  

s i o n s  a r e  v a l i d  f o r  t h e  e v a l u a t i o n  o f  t h e  r e s u l t s  o f  

t he  s e p a r a t i o n s  o b t a i n e d  by o t h e r  methods, p a r t i c u -  

l a r l y  b y  h i g h l y  e f f i c i e n t  FFF method. W i t h  FFF 

Eqs. (1) t o  ( 9 )  a r e  n o t  a p p l i c a b l e  owing t o  a sub- 

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



200 JANCA AND KLEPARNIK 

s t a n t i a l l y  d i f f e r e n t  s e p a r a t i o n  mechanism. S i n c e  

t h e o r e t i c a l  r e l a t i o n s h i p  be tween  m o l e c u l a r  parame- 

t e r s  o f  s e p a r a t e d  p d y m e r s  and r e t e n t i o n s  i n  FFF is 
n o t  known, an a n a l o g o u s  c o n s i d e r a t i o n  i s  based on 

e m p i r i c a l  c a l i b r a t i o n  f u n c t i o n s  o n l y .  B u t  i t  i s  

p o s s i b l e  t o  t a k e  i n t o  c o n s i d e r a t i o n  c o m p a r a t i v e  

s t u d y  o f  FFF and SEC ( 3 )  and  f r a c t i o n a t i o n  power  

o b t a i n e d  i n  FFF ( 5 )  and t o  s t a t e  on  t h e  b a s i s  o f  

t h e s e  r e s u l t s  t h a t  t h e  p r e c i s i o n  o f  t h e  m o l e c u l a r  

p a r a m e t e r s  c a l c u l a t e d  f r o m  FFF d a t a ,  d e t e r m i n e d  b y  

t h e  p r e c i s i o n  o f  t h e  c o o r d i n a t e  o f  t h e  e l u t i o n  vo-  

lume o f  t h e  f r a c t o g r a m , w i l l  be b e t t e r  t h a n  i n  SEC. 

The e v a l u a t i o n  o f  MWD, a v e r a g e  m o l e c u l a r  w e i g h t s  

and p o l y d i s p e r s i t y  i n d e x  f r o m  chromatograms i s  c a r -  

r i e d  o u t  by  u s i n g  a n u m e r i c a l  c a l c u l a t i o n .  The p r o -  

c e d u r e  f o r  n u m e r i c a l  p r o c e s s i n g  of e x p e r i m e n t a l  

chromatograms and t h e  above p r e c i s i o n  o f  p h y s i c a l  

q u a n t i t i e s  t h a t  d e t e r m i n e  t h e  p o s i t i o n ,  t h e  shape 

and t h e  w i d t h  o f  t h e  chromatogram r e f l e c t  i n  t h e  

p r e c i s i o n  o f  MWD and  m o l e c u l a r  p a r a m e t e r s  o f  p o l y -  

mers u n d e r  a n a l y s i s .  T h i s  p r o b l e m  was a l r e a d y  s o l v e d  

p a r t i a l l y  i n  t h e  p r e c e d i n g  p a p e r s  ( 6 , 7 )  , and w i l l  

be a n a l y z e d  i n  f u r t h e r  d e t a i l ,  w i t h  p a r t i c u l a r  r e s -  

p e c t  t o  p o l y m e r s  w i t h  n a r r o w  a n d  u l t r a - n a r r o w  MWD. 

a p p r o x i m a t i o n  o f  SEC chromatograms o f  p o l y m e r s  w i t h  

n a r r o w  MWD, and t h e  P o i s s o n  d i s t r i b u t i o n ,  w h i c h  i s  

t h e  most  p r o b a b l e  d i s t r i b u t i o n  o f  commonly used  po- 

l y s t y r e n e  s t a n d a r d s  p r e p a r e d  b y  a n i o n i c  p o l y m e r i z a -  

t i o n ,  w i l l  be used  f o r  t h e o r e t i c a l  mode l  c a l c u l a -  

t i o n s  

The l o g - n o r m a l  d i s t r i b u t i o n ,  w h i c h  i s  a good 

M o l e c u l a r  w e i g h t s  a r e  c a l c u l a t e d  f r o m  chroma- 

tograms a c c o r d i n g  t o  t h e  f o l l o w i n g  r e l a t i o n s h i p  
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+ m  

/ M W(M) dM 

0 

+ m  
Mw = 

w ( M I  dM 
0 

and  p o l y d i s p e r s i t y  i n d e x  i s  c a l c u l a t e d  a c c o r d i n g  t o  

t h e  r e l a t i o n s h i p  

I = Mw / Mn 

The f o l l o w i n g  r e l a t i o n s h i p  i s  v a l i d  be tween  t h e  

chromatogram ( f r a c t o g r a m )  and t h e  d i f f e r e n t i a l  d i s -  

t r i b u  t i o n  

W(M) = G(V) (LdV /dM) (14) 

The d e t e c t o r  response ,  i.e., t h e  v a l u e s  o f  G ( V )  

s u f f e r  f r o m  t h e  e r r o r  6 d i s c u s s e d  i n  t h e  p r e c e d i n g  

t e x t .  I n  o r d e r  t o  e v a l u a t e  a v e r a g e  m o l e c u l a r  w e i g h t s ,  

E q s .  ( 1 1 )  and  (12) c a n  be l y r i t t e n  i n  t h e  f o l l o w i n g  

f o r m s  
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+ m  

V 

+a, 
Mw - 

JANCA AND K L E P A R N I K  

( 1 5 )  

/ CG(V) 2 611 dV 
0 

Log-normal w e i g h t  MWD i s  d e f i n e d  by  t h e  r e l a -  

t i o n s h i p  

It a p p l i e s  f u r t h e r  t h a t  

2 
Mw = Mmax exp( 0 / 2 )  

1 2 )  2 

2 

Mn = Mmax exp(-  u 

I n  (Mw / Mn) = U 

Log-normal d i f f e r e n t i a l  d i s t r i b u t i o n  c u r v e  o f  mole- 

c u l a r  w e i g h t s  i s  demons t ra ted  s c h e m a t i c a l l y  i n  

F i g .  1. I t  is o b v i o u s  t h a t  i t  h o l d s  

+ - x u  In Mmax I n  M = 
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TABLE 2 

Values o f  t h e  M u l t i p l e  of t h e  S tandard  D e v i a t i o n ,  
C a l c u l a t e d  f o r  R e l a t i v e  Values of W(1n M) F u n c t i o n  
w i t h  Regard t o  t h e  Maximum f rom Eq. ( 2 3 )  

X 2.45 2.80 3.03 3.26 3.53 3.72 

I t  can be  w r i t t e n  f u r t h e r  

( 2 2 )  
2 W(ln M )  / W(ln Mmax)  = exp(-x  / 2)  

I f  r e a d a b l e  l e v e l  o f  t h e  r a t i o  W(ln M) / W(ln Mmax)  

i s  a d j u s t e d  t o  be e q u a l  t o  an assumed e r r o r  o r  t o  

t h e  p r e c i s i o n  of  t h e  r e a d i n g  of  t h e  d e t e c t o r  respon- 

se, t h e n  t h e  w i d t h  of t h e  d i s t r i b u t i o n  o r  i n t e g r a -  

t i o n  l i m i t s  can be c a l c u l a t e d  w i t h  r e s p e c t  t o  t h e  

maximum o f  t h e  d i s t r i b u t i o n  cu rve ,  i n  wh ich  i t  makes 

sense t o  read W( ln  M) v a l u e s  a c c o r d i n g  t o  t h e  modi- 

f i e d  r e l a t i o n s h i p  

Values o f  x, i.e., m u l t i p l e s  o f  t h e  s t a n d a r d  d e v i a -  

t i o n ,  0 , ( w i t h  r e g a r d  t o  t h e  maximum o f  t h e  d i s t r i -  

b u t i o n  c u r v e )  t h a t  d e f i n e  t h e  range o f  W( ln  M) va- 

l u e s  exceed ing  t h e  l e v e l  o f  t h e  a d j u s t e d  e r r o r  of t h e  

r e a d i n g  a r e  l i s t e d  i n  T a b l e  2 .  
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204 JANCA AND KLEPARNIK 

W (1 nM 

F i g u r e  1, Log-normal d i s t r i b u t i o n  c u r v e  o f  m o l e c u l a r  
w e i g h t s .  

I t  i s  obv ious  t h a t  a l r e a d y  t h e  r ange  2 3 0  
maximum i s  s u f f i c i e n t  f o r  t h e  r e a d i n g  of W(ln M )  va- 
l u e s  p rov ided  t h a t  t h e  p r e c i s i o n  of t h e  d e t e c t o r  
r e s p o n s e  i s  -1 % of t h e  G(Vmax) v a l u e .  

u s i n g  Eq. ( 2 0 ) ,  e.g., by g r a p h i c a l  e v a l u a t i o n  of t h e  
U v a l u e s .  Let  u s  c a l c u l a t e  what e f f e c t  t h e  e r r o r  o f  

t h e  r e a d i n g  of w i l l  have on p o l y d i s p e r s i t y .  Fo r  
t h e  r a t i o  of t h e  a p p a r e n t  p o l y d i s p e r s i t y  i n d e x  t o  
t h e  c o r r e c t  p o l y d i s p e r s i t y  i n d e x  i t  t h e n  h o l d s  

from t h e  

f 

P o l y d i s p e r s i t y  i n d e x ,  I ,  can b e  c a l c u l a t e d  by 

F i g .  2 d e m o n s t r a t e s  t h e  dependence  o f  t h e  pe rcen -  
t a g e  d i f f e r e n c e  between t h e  a p p a r e n t  and t h e  r e a l  
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1 O/oI 

1) X I 0 0  

F i g u r e  2, Dependence o f  t h e  d i f f e r e n c e  be tween  t h e  
v a l u e s  o f  a p p a r e n t  and r e a l  p o l y d i s p e r s i t y  on t h e  
d i f f e r e n c e  be tween  t h e  c o r r e c t  and  t h e  a p p a r e n t  va- 
l u e s  o f  t h e  r e a d  s t a n d a r d  d e v i a t i o n  o f  t h e  l o g - n o r -  
ma1 m o l e c u l a r  w e i g h t  d i s t r i b u t i o n .  

I 

I 
p o l y d i s p e r s i t y  v a l u e s ,  i .e,,  (2 - 1) x 100 on 

t h e  p e r c e n t a g e  d i f f e r e n c e  be tween  t h e  c o r r e c t  and 

t h e  a p p a r e n t  v a l u e s  o f  0 , i,e., 

Oa (a - l) loo, 

I t  i s  o b v i o u s  f r o m  F i g .  2 t h a t  f o r  e x t r e m e l y  

l o w  p o l y d i s p e r s i t y  v a l u e s ,  1 = 1.01, even  t h e  e r r o r  

20 % r e l .  o f  t h e  r e a d i n g  o f  u v a l u e s  h a s  p r a c t i -  

c a l l y  n o  e f f e c t ,  0 v a l u e  can r e l i a b l y  b e  d e t e r m i n e d  

g r a p h i c a l l y  w i t h  t h e  p r e c i s i o n  o f  ca. 5 % r e l e a  

w h i c h  i s  t h e  p r e c i s i o n  s a t i s f a c t o r y  up  t o  p o l y d i s -  

p e r s i t y  v a l u e s  I = 1.2. F o r  h i g h e r  p o l y d i s p e r s i t y  
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206 JANCA AND KLEPARNIK 

v a l u e s  a more p r e c i s e  r e a d i n g  o f  0 v a l u e s  i s  de-  

s i r a b l e .  

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

n e i t h e r  known n o r  can  be p r e d i c t e d  and  t h e  v a l u e s  

o f  Mw, Mn o r  I must  be o b t a i n e d  b y  n u m e r i c a l  c a l c u -  

l a t i o n  f rom an  e x p e r i m e n t a l  chromatogram.  The p r o c e -  

d u r e  f o r  t h e  n u m e r i c a l  p r o c e s s i n g  o f  e x p e r i m e n t a l  

d a t a  c a n  i n f l u e n c e  f i n a l  r e s u l t s ,  I m p o r t a n t  parame- 

t e r s  o f  t h e  n u m e r i c a l  c a l c u l a t i o n  w h i c h  must  be t a -  

ken  i n t o  c o n s i d e r a t i o n  a r e  t h e  t o t a l  w i d t h  o f  t h e  i n -  

t e r v a l  i n  w h i c h  t h e  r e a d i n g  o f  t h e  peak  h e i g h t s  i n  

t h e  chromatogram i s  t a k e n  and t h e  subsequen t  c a l c u -  

l a t i o n  p e r f o r m e d  a n d  t h e  d e n s i t y  o f  t h e  ch romatog -  

ram s e g m e n t a t i o n  o r  t h e  number o f  t h e  h e i g h t s  r e a d  

i n  t h e  w h o l e  w i d t h  o f  t h e  chromatogram.  These p a r a -  

m e t e r s  and t h e i r  i n f l u e n c e  on t h e  c a l c u l a t e d  molecu-  

l a r  w e i g h t s  were  a l r e a d y  s t u d i e d  i n  t h e  e a r l i e r  pa- 

p e r s  ( 6 , 7 ) ,  n e v e r t h e l e s s  f o r  t h e  p u r p o s e  o f  t h e  p r e -  

s e n t  s t u d y  i t  was n e c e s s a r y  t h a t  g e n e r a l  c o n c l u s i o n s  

o f  t h e  p r e v i o u s  s t u d y  s h o u l d  be g i v e n  more p r e c i -  

s i o n  w i t h i n  t h e  i n t e r v a l  o f  n a r r o w  MWD. 

The c a l c u l a t i o n  was made b y  u s i n g  Eqs.  (11) t o  

(13)  f a r  t h e  l o g - n o r m a l  MWO d e f i n e d  by Eq. (17) i n  

t h e  range  o f  p o l y d i s p e r s i t y  v a l u e s  I = 1.01 - 1.50. 

The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  3. The w i d t h  

o f  t h e  i n t e r v a l  was s e l e c t e d  s o  t h a t  i t  was p o s s i -  

b l e  t o  d e m o n s t r a t e  t h e  e f f e c t  o f  t h e  i n t e r v a l  ex- 

p a n s i o n  i n t o  t h e  h e i g h t s  range  comparab le  w i t h  ex- 

p e r i m e n t a l  e r r o r s  o f  t h e  d e t e c t i o n ,  a s  t h e y  were  

c a l c u l a t e d  i n  T a b l e  2. The s e g m e n t a t i o n  d e n s i t i e s  

were  s e l e c t e d  so t h a t  t h e  r a n g e  o f  t w o  o r d e r s  of 

m a g n i t u d e  i n c l u d e d  a l l  o f  t h e  p r a c t i c a l  cases .  Num- 

b e r  o f  t h e  p o i n t s  t a k e n  f o r  i n d i v i d u a l  cases  i n  
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TABLE 3 

Dependence of N u m e r i c a l l y  C a l c u l a t e d  Va lues  of Poly-  
d i s p e r s i t y  of Model log-normal  M o l e c u l a r  Weight D i s -  
t r i b u t i o n s  on D i f f e r e n t  P a r a m e t e r s  of t h e  Numer ica l  

C a l c u l a t i o n  

Segments- D e v i a t i o n  of n u m e r i c a l l y  c a l c u l a t e d  va- 
t i o n  den- l u e s  of p o l y d i s p e r s i t y  from t h e  g i v e n  

s i t y  v a l u e s  

Au % 

Given v a l u e  of I 
A 1.01 1.05 1.10 1.20 1.50 

+ I n t e r v a l  w i d t h  M m a x  - no 

1 -0 00001 -0.0006 
0.1 -0.0009 -0,0061 
0.01 -0.0011 -0.0071 

+ I n t e r v a l  w i d t h  M m a x  - nO 

1 -0 eOOO7 -0,0045 
0.1 -0.0054 -0.0324 
0.01 -0.0063 -0.0374 

+ I n t e r v a l  w id th  M m a x  - n o  

1 -0.0043 -0.0265 
0.1 -0.0240 -0.1341 
0.01 -040271 -0,1508 

w i t h  n = 4.0 

-0  00016 -0  oOO54 
-0.0155 -0.0448 
-0.0182 -0.0521 

w i t h  n = 3.5 

-0.0117 -0.0353 
-0  a0776 -0.2037 
-0.0889 -0.3212 

w i t h  n = 3.0 

-0,0649 -0,1764 
-0.3013 -0.7201 
-0.3369 -0.7983 

-0  00334 
-0.2149 
-0.2456 

-0.1810 - 0.8201 
-0.9157 

-0.7514 
-2.4426 
-2.6658 

T a b l e  3 i s  2 x ( " / A )  + 1, i.e., 9 ,  81 and 801 
p o i n t s  w i t h  t h e  i n t e r v a l  w i d t h  24O. . 

The r e s u l t s  p r e s e n t e d  i n  T a b l e  3 show c l e a r l y  
t h a t  f o r  t h e  e v a l u a t i o n  of na r row MW t h e  n e g l e c -  
t i o n  of t h e  f r a c t i o n s  e l u t i n g  i n  t h e  i n t e r v a l  o u t -  
s i d e  t h e  l i m i t s  o f  d e t e c t a b i l i t y  (1 %) h a s  no s i g n i -  

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



208 JANCA AND KLEPARNIK 

TABLE 4 

Dependence of N u m e r i c a l l y  C a l c u l a t e d  Va lues  o f  Poly-  
d i s p e r s i t y  of Model l og -norma l  M o l e c u l a r  W e i g h t  
D i s t r i b u t i o n s  on t h e  E r r o r  of t h e  Read ing  o f  t h e  
Peak He igh t  from t h e  B a s e - l i n e  

~~ ~ 

I n t e r v a l  Segmen- E r r o r  D e v i a t i o n  of n u m e r i c a l l y  

Mmax AD v a l u e s  (%) 

w i q  t h t a t i o n  O f  c a l c u l a t e d  v a l u e s  o f  po ly -  - n o  d e n s i t y  G(V) d i s p e r s i t y  from t h e  g i v e n  

Given v a l u e  of I n 
(%) 1.01 1.10 1.50 m i n  max A r;i 

4.0 4.0 1.0 +I 
0.1 +1 

3.0 3.0 1.0 +I 
0 .I +1 
1 .o -1 
0.1 -1 

3.0 4.0 1.0 0 
0 01 0 

4.0 3.0 1,O 0 
0 01 0 

+O .2033 
+0.1423 
+ O  .0779 
+O a0266 
-0 -0915 - 0.0771 
- 0 0029 
-0.0155 
-0.0015 
-0.0095 

+2.6222 
+1.6990 
+O .8014 
+ O  .2004 
-0.9996 
-0.8347 

-0  e0581 
-0.2546 
-0 -0085 
-0.0623 

+22.6088 
+12,4027 
+3.7781 
-0.1921 
-5.9769 
- 4.9342 
-0.7398 
-2.3549 
-0.0452 
-0,3046 

f i c a n t  i n f l u e n c e ,  S i m i l a r l y  t h e  s e g m e n t a t i o n  d e n s i t y ,  
p r o v i d e d  t h a t  i t  i s  s e l e c t e d  w i t h i n  r a t i o n a l  l imi t s ,  

h a s  no s i g n i f i c a n t  i n f l u e n c e .  
I n  a d d i t i o n ,  t h e  i n f l u e n c e  of e x p e r i m e n t a l  

e r r o r s  o f  t h e  d e t e c t o r  r e s p o n s e ,  i .e.,  of G ( V )  va- 
l u e s ,  was s t u d i e d  w i t h  t h e  use of Eqs.  (15) and (16). 
T h e s e  p a r a m e t e r s  have n o t  been s t u d i e d  y e t ,  The re- 
s u l t s  of t h e  c a l c u l a t i o n  f o r  t h e  l og -norma l  d i s t r i -  
b u t i o n  a r e  p r e s e n t e d  i n  T a b l e  4. 

The d a t a  i n  T a b l e  4 show t h a t  n o t  even sys t ema-  
t i c  e r r o r s  t h e  magni tude of which i s  e q u a l  t o  t h e  

p r e c i s i o n  of t h e  readi.ng of  G ( V )  v a l u e s  have any 
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NARROW MOLECULAR WEIGHT DISTRIBUTIONS 209 

s u b s t a n t i a l  i n f l u e n c e  on t h e  c a l c u l a t e d  p o l y d i s p e r -  
s i t y  v a l u e s ,  p r o v i d e d  t h a t  t h e  d i s t r i b u t i o n s  a r e  
c a l c u l a t e d  i n  t h e  b o u n d a r i e s  w i t h i n  which t h e  r ea -  
d i n g  of G ( V )  v a l u e s  h a s  s t i l l  been r e l i a b l e .  The 
s e g m e n t a t i o n  d e n s i t y  of t h e  whole i n t e r v a l  h a s  a g a i n  
o n l y  a minor e f f e c t .  A t  t h e  same t ime  i t  i s  n e c e s s a -  
r y  t o  be aware of t h e  f a c t  t h a t  t h e  e r r o r  of & of 
t h e  G ( V )  v a l u e s  r e a d ,  e i t h e r  +1 % o r  -1 %, d e p e n d i n g  
on t h e  a c t u a l  c a l c u l a t i o n ,  d e m o n s t r a t e s  e x t r e m e  ca- 
ses.  I n  p r a c t i c e ,  t h i s  e r r o r  w i l l  f l u c t u a t e  f o r  va- 
r i o u s  G ( V )  v a l u e s  r ead  and i t  w i l l  r e s u l t  i n  a c e r -  
t a i n  s t a t i s t i c a l  compensa t ion  of t h e  s e t  o f  a l l  of 
t h e  e r r o r s .  The ex t r eme  c a s e s ,  a s  c a l c u l a t e d  and 
p r e s e n t e d  i n  T a b l e  4, can i n  p r a c t i c e  c o r r e s p o n d  t o  
a wrong a d j u s t m e n t  of t h e  b a s e - l i n e ,  which can be 
c a u s e d  by t h e  n o i s e .  I n  s u c h  a case t h e  c a l c u l a t e d  
d e v i a t i o n s  c o r r e s p o n d  t o  t h e  maximal v a l u e s  w h e n  
t h e  a b s o l u t e  n o i s e  l e v e l  r e a c h e s  2 % r e l .  of t h e  de- 
t e c t o r  r e s p o n s e  i n  t h e  chromatogram maximum. 

I n  p r a c t i c a l  e v a l u a t i o n  of t h e  chromatogram, 
t h e  s t a r t  and t h e  end of t h e  chromatogram r e a d i n g  
need n o t  b e  a t  t h e  same d i s t a n c e  from t h e  maximum 
( i n  t h e  p r e s e n t  c a s e  judged  from t h e  w i d t h  of t h e  

i n t e r v a l  i n  b o t h  d i r e c t i o n s  from t h e  maximum), w h i c h  
can be caused  by an u n c e r t a i n t y  i n  p r e c i s e  a d j u s t -  
m e n t  of t h e  b a s e - l i n e .  Tha t  i s  why a l s o  t h i s  po ten -  
t i a l  i n f l u e n c e  was e v a l u a t e d  n u m e r i c a l l y .  The r e -  
s u l t s  a r e  p r e s e n t e d  i n  t h e  second p a r t  of T a b l e  4,  

Even w i t h  t h e  d i f f e r e n c e  i n  t h e  r e a d  i n t e r v a l  w i d t h  
- 1 0  b o t h  t o  t h e  r i g h t  and t o  t h e  l e f t  from t h e  ma- 
ximum, which e x c e e d s  p o t e n t i a l  e r r o r s  s a f e l y ,  t h e  
v a l u e s  of p o l y d i s p e r s i t y  c a l c u l a t e d  n u m e r i c a l l y  a r e  
a f f e c t e d  i n  a n  e n t i r e l y  n e g l i g i b l e  manner. F o r  
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210 JANCA AND KLEPARNIK 

i l l u s t r a t i o n  i t  i s  p o s s i b l e  t o  compare a n a l o g o u s  va- 

l u e s  f r o m  T a b l e  3. 

The P o i s s o n  d i s t r i b u t i o n  i s  d e f i n e d  b y  t h e  r e -  

l a t i o n s h i p  

F o r  t h e  w e i g h t  d i s t r i . b u t i o n  i t  t h e n  h o l d s  

F o r  number and w e i g h t  a v e r a g e s  o f  t h e  p o l y m e r i z a t i o n  

degree  and f o r  p o l y d i s p e r s i t y  i t  f u r t h e r  h o l d s  

2 m 
= f W(P) 0 P = ( I N(P)  P ) / Pn ( 2 8 )  

pw 0 0 

I = P  W / P  n = ( r + l ) / r  (29) 

M o d e l  P o i s s o n  d i s t r i b u t i o n  c u r v e  o f  m o l e c u l a r  

w e i g h t s  i s  i l l u s t r a t e d  i n  F i g .  3. I n  c o m p a r i s o n  w i t h  

t h e  l o g - n o r m a l  d i s t r i b u t i o n  t h e  P o i s s o n  d i s t r i b u t i o n  

i s  i n  c o o r d i n a t e s  o f  m o l e c u l a r  w e i g h t s  s y m m e t r i c a l  

enough, and i t s  symmet ry  i n c r e a s e s  w i t h  i n c r e a s i n g  

v a l u e  o f  r, The l o g - n o r m a l  d i s t r i b u t i < > n ,  on t h e  o t h e r  

hand, is s t r o n g l y  a s y m m e t r i c a l  in t h e s e  c o o r d i n a t e s ;  

i t  i s  s y m m e t r i c a l  i n  t h e  c o o r d i n a t e  of t h e  l o g a r i t h m  

o f  m o l e c u l a r  w e i g h t .  The P o i s s o n  d i s t r i b u t i o n  i s ,  
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0 

a *  1 I 1 I .  a 

5 10 15 20 P 

F i g u r e  3. P o i s s o n  d i s t r i b u t i o n  c u r v e  of po lymer i -  
z a t i o n  d e g r e e s .  ( r  = = 1.10) lo' ' t h e o r .  

moreover ,  a d i s t r i b u t i o n  f u n c t i o n  of d i s c r e t e  v a l u e s  
of t h e  p o l y m e r i z a t i o n  d e g r e e s ,  which,  u n d e r s t a n d i n g -  
l y ,  i s  a more c o r r e c t  image of p h y s i c a l  r e a l i t y .  

T h e  P o i s s o n  d i s t r i b u t i o n ,  d e f i n e d  by Eqs. 

(25 )  - (2$), was u s e d  t o g e t h e r  w i t h  Eqs. (15)  and 
(16 )  f o r  model c a l c u l a t i o n s  a n a l o g o u s  t o  t h o s e  i n  
t h e  above c a s e  of t h e  log-normal  d i s t r i b u t i o n .  W i t h  

r e s p e c t  t o  t h e  c h a r a c t e r  of t h e  P o i s s o n  d i s t r i b u t i o n  
t h e  b a s i c  p a r a m e t e r s  of n u m e r i c a l  c a l c u l a t i o n s  were 
s e l e c t e d  i n  a r a t h e r  d i f f e r e n t  manner. T h e  i n i t i a l  
v a l u e s  of p a r a m e t e r , r  = 10, 30 and 1 0 0 , c o r r e s p o n d  t o  
t h e  v a l u e s  of p o l y d i s p e r s i t y ,  I = 1.10, 1.033 and 
1.01, r e s p e c t i v e l y .  The w i d t h  of t h e  i n t e r v a l  of t h e  
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212 JANCA AND KLEPARNIK 

TABLE 5 

Dependence of N u m e r i c a l l y  C a l c u l a t e d  V a l u e s  of Poly-  
d i s p e r s i t y  of Model P o i s s o n  M o l e c u l a r  Weight D i s t r i -  
b u t i o n s  on t h e  E r r o r  of t h e  Read ing  o f  t h e  Peak 

H e i g h t  from t h e  B a s e - l i n e  

~- ~~- __ 
Given I n t e r v a l  E r r o r  o f  D e v i a t i o n  of n u m e r i c a l l y  
v a l u e  w i d t h  N(P) c a l c u l a t e d  from t h e o r e t i -  

(%) c a l  p o l y d i s p e r s i t y  v a l u e s  
( % I  ‘min ‘max 

10 3 21 0 
+0.5 
-0.5 
+1 .o 
-1 ,o 

+0.5 
-0.5 
+1 .o 
-1 00 

+0.5 
-0.5 
i1 .o 
-1 .o 

30 16 48 0 

100 72 132 0 

-0.1951 
+o .0112 
-0.4077 
+0.2115 
- 0.6270 
- 0.0781 - 0.0009 
-0.1573 
+O .0743 
-0.2386 - 0.0226 
+O ,0026 

+O ,0271 
-0.0485 

-0.0750 

n u m e r i c a l  c a l c u l a t i o n ,  i . e . ,  t h e  minimal  and t h e  ma- 
x ima l  v a l u e s  of t h e  p o l y m e r i z a t i o n  d e g r e e ,  P, were 
s e l e c t e d  s o  t h a t  t h e  v a l u e  of t h e  f u n c t i o n  i n  t h e  
g iven  p o i n t  h a s  j u s t  exceeded  1 % from t h e  maximal 
v a l u e  of N(P) f u n c t i o n .  T h i s  s e l e c t i o n  was a g a i n  
t aken  w i t h  r e s p e c t  t o  t h e  p r e c i s i o n  of t h e  r e a d i n g  
of t h e  peak h e i g h t s  i n  t h e  chromatogram t h a t  i s  u s u -  
a l l y  r e a c h e d ,  I n  a n a l o g y  w i t h  Eqs.  (15)  and (16), 
t h e  e f f e c t  of s y s t e m a t i c  e r r o r s  of t h e  r e a d i n g  of 
N(P) v a l u e s  was i n v e s t i g a t e d .  T h e  r e s u l t s  a r e  summa- 
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r i z e d  i n  T a b l e  5. The d e v i a t i o n s  o f  p o l y d i s p e r s i t y  

v a l u e s  c a l c u l a t e d  by t h e  p r o c e d u r e  suggested above 

f rom t h e  t h e o r e t i c a l  v a l u e s  c a l c u l a t e d  a c c o r d i n g  t o  

Eq. (29)  a r e  m i n i m a l  and t h e i r  e x p r e s s i o n  i n  terms 

o f  p e r  c e n t s  i n  T a b l e  5 demons t ra tes  c l e a r l y  t h a t  

w i t h  r e a l  assumed e r r o r s  o f  e x p e r i m e n t a l  chromatog- 

rams i t  i s  p o s s i b l e  t o  reach  a h i g h  r e l i a b i l i t y  o f  

t h e  c a l c u l a t i o n  o f  p o l y d i s p e r s i t y  va lues .  

CONCLUSIONS 

N u m e r i c a l  c a l c u l a t i o n s  o f  m o l e c u l a r  pa ramete rs  

o f  model l o g - n o r m a l  and P o i s s o n  m o l e c u l a r  w e i g h t  d i s -  

t r i b u t i o n s  showed c l e a r l y  t h e  q u a n t i t a t i v e  e x t e n t  i n  

which t h e  p r o c e d u r e  f o r  t h e  c a l c u l a t i o n  can a f f e c t  

t h e  accu racy  and t h e  p r e c i s i o n  o f  t h e  r e s u l t .  W i t h  

t h e  p a r t i c u l a r  method o f  t h e  c a l c u l a t i o n  t h e  manner 

i n  wh ich  i t  i s  pe r fo rmed  does n o t  i n t r o d u c e  any s i g -  

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

By a n a l y z i n g  d e c i s i v e  p h y s i c o - c h e m i c a l  parame- 

t e r s  o f  s e p a r a t i o n s  f rom t h e  v i e w p o i n t  of  t h e i r  re -  

p r o d u c i b i l i t y  t h a t  can be o b t a i n e d ,  t h e  l i m i t s  o f  

r e l i a b i l i t y  o f  t h e  c a l c u l a t e d  m o l e c u l a r  pa ramete rs  

o f  po lymers  w i t h  na r row and u l t r a - n a r r o w  MWD were 

found. I t  was observed t h a t  t h e  e x i s t i n g  i n s t r u m e n -  

t a l  and e x p e r i m e n t a l  t e c h n i q u e s  make i t  p o s s i b l e  t o  

d e t e r m i n e  t t lese pa ramete rs  w i t h  a h i g h  p r e c i s i o n  and 

r e l i a b i l i t y .  From t h i s  v i e w p o i n t  t h e  ch romatog raph ic  

methods d i s c u s s e d  above exceed t h e  p o t e n t i a l i t i e s  o f  

a b s o l u t e  methods, such as l i g h t - s c a t t e r i n g ,  osmo- 

m e t r y  e t c .  M o l e c u l a r  pa ramete rs  and p o l y d i s p e r s i t y  

o f  po l ymers  w i t h  na r row and u l t r a - n a r r o w  d i s t r i b u -  
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214 JANCA AND KLEPARNIK 

t i o n s  o f  m o l e c u l a r  w e i g h t s  i n  p a r t i c u l a r  c a n  b e  de- 

t e r m i n e d  e n t i r e l y  r e l i a b l y ,  w i t h  t h e  p r e c i s i o n  e x -  

c e e d i n g  b y  a n  o r d e r  o f  m a g n i t u d e  o t h e r  m e t h o d s  o f  

c h a r a c t e r i z a t i o n  t h a t  h a v e  b e e n  u s e d  so  f a r .  
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e x p o n e n t  o f  t h e  M a r k - H o u w i n k  e q u a t i o n  
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cI 

G (  V) 

I 

I< 

I< 

M 
SEC 

M e x c l  

max 
M 

M 

M 
W 

n 

N(P)  

d V d C  

P 

P 
n 

p W  

R 

r 

R . I .  

'e 

i 

0 

V 

V 

WCM ) 

W(P) 

c o n c e n t r a t i o n  o f  i n j e c t e d  sample  

chroma t ogram 

p o l y d i s p e r s i t y  i n d e x  

c o n s t a n t  o f  t h e  Mark-Houwink  e q u a t i o n  

d i s t r i b u t i o n  c o e f f i c i e n t  

m o l e c u l a r  w e i g h t  

e x c l u d e d  m o l e c u l a r  w e i g h t  

m o l e c u l a r  w e i g h t  c o r r e s p o n d i n g  t o  t h e  
maximum o f  t h e  chromatogram 

w e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t  

number a v e r a g e  m o l e c u l a r  w e i g h t  

number d i s t r i b u t i o n  o f  p o l y m e r i z a t i o n  
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