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UNIVERSAL CALIBRATION A N D  MOLECULAR WEIGHT AVERAGES 
IN G E L  PERMEATION CHROMATOGRAPHY ILLUSTRATED BY 

CELLULOSE NITRATE A N D  POLY (OXYPROPYLENE) 

David M ,  French and George W ,  Nauflett  
Ene rge t i c Ma t e r  i a 1 s D i  v i s ion 
Naval Surface Weapons Center 

White Oak, S i lve r  S p r i n g ,  Maryland 20910 

ABSTRACT 

The nature of the  averaging process i n  the ana lys i s  of gel per- 
meation chromatograms was examined f o r  cases where the molecules i n  
the de tec tor  c e l l  o f  the  apparatus were of d i f f e ren t  molecular weight 
and of the  same molecular weight, When the molecules have the same 
molecular weight, the  hydrodynamic volume ( l ) ,  C n ] M ,  averaged across 
a chromatogram was found t o  become KMa+l f o r  any molecular weight 
average a t  the e lu t ion  volume corresponding t o  t h a t  average, [Q] i s  
i n t r i n s i c  v i scos i ty ,  M i s  molecular weight, and K and a a r e  the  
appropriate Mark-Houwink constants,  T h u s  when s i z e  separation i s  by 
mole u la r  weight, the universal G P C  ca l ib ra t ion  functions include 
KMt+F where Mn i s  the number average molecular weight, 

Cellulose n i t r a t e  and poly(oxypropy1ene) were a alyzed using 

[n]Mw .were found to  represent the  hydrodynamic volume s ince  these 
functions f e l l  on the  universal ca l ib ra t ion  p lo t  fo r  nearly nono- 
d isperse  polystyrene standards, The function [n]Mn was displaced 
from the polystyrene universal ca l ib ra t ion  p lo t  by f ac to r  which 
equaled Mw/Mno The slopes and in te rcepts  of the  universal c a l i -  
bration p lo ts  were found t o  be completely cons i s t en t  w i t h  the  slopes 
and in te rcepts  of the molecular weight ca l ib ra t ion  p lo t s  showing 
t h a t  the  Mark-Houwink constants were cor rec t ,  I n t r i n s i c  v i scos i ty  - 
molecular weight r e l a t ions  were presented f o r  12.0-12,6%N ce l lu lose  
n i t r a t e  and fo r  low molecular weight poly(oxypropy1ene) the l a t t e r  
r e l a t ion  being a cor rec t ion  o f  t h a t  of Sholtan and Lie (18),  

th ree  s e t s  of columns and two GPC instruments, KMW+ T , t ? l ~ + l ,  and 
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198 FRENCH AND NAUFLETT 

INTRODUCTION 

Since t h e  i n t r o d u c t i o n  o f  t h e  concept o f  u n i v e r s a l  ge l  per-  

meat ion chromatography (GPC) c a l i b r a t i o n  by Grub is i c ,  Rempp, and 

B e n o i t  ( 1 )  t h e  n a t u r e  o f  t h e  hydrodynamic volume used i n  t h i s  

c a l i b r a t i o n  has been t h e  s u b j e c t  o f  a number o f  papers (2-8), 

The express ion f o r  t h e  hydrodynamic volume o f  t h e  polymer mole- 

c u l e s  i n  t h e  d e t e c t o r  c e l l  o f  t h e  GPC apparatus a t  any one t i m e  

was shown by A,E. Hamielec and A.C, Ouano ( 2 )  and Hamielec, Ouano, 

and Nebenzahl ( 3 )  t o  be [n]Mn where [n] i s  i n t r i n s i c  v i s c o s i t y  and 

Mn i s  number average mo lecu la r  weight, 

what i n  e f f e c t  were m i x t u r e s  o f  polymers which had w i d e l y  d i f f e r -  

e n t  shapes a t  t h e  same mo lecu la r  weight. 

t h a t  t h e  separa t i on  f a c t o r  f o r  t h i s  polymer m i x t u r e  was a l s o  

[n]Mn across t h e  whole chromatogram. On t h e  o t h e r  hand as shown 

by  much exper ience t h e r e  i s  no doubt  t h a t  f o r  a chromatogram t h e  

use o f  [ ~ ] M w ,  where M, i s  t h e  we igh t  average m o l e c u l a r  weight, f o r  

hydrodynamic volume i s  o r d i n a r i l y  co r rec t , ,  

most cases o n l y  one t ype  of polymer o f  one s i z e  i s  present ,  

ever, on t h i n k i n g  about t h e  s u b j e c t  i t  became apparent  t h a t  our  

understanding o f  t h e  averaging process i n  GPC s t a t i s t i c s  was i m -  

complete. On l o o k i n g  a t  t h e  m a t t e r  i n  d e t a i l  i t  was found, as 

w i l l  be shown below, t h a t  f o r  a s i n g l e  k i n d  o f  polymer t h e  GPC 

separa t i on  f a c t o r  averaged f o r  a chromatogram should be ma+’ a t  

t h e  e l u t i o n  volume corresponding t o  M, where M i s  mo lecu la r  we igh t  

o f  any t ype  average and K and a a r e  t h e  a p p r o p r i a t e  Mark-Houwink 

constants ,  r a t h e r  than o n l y  [n]Mw o r  Mif1 a t  t h e  peak e l u t i o n  

These workers employed 

T h e i r  r e s u l t s  showed 

T h i s  i s  because i n  

How- 
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UNIVERSAL CALIBRATION AND MOLECULAR WEIGHT AVERAGES 199 

volume, 

N i t r a t e  and Poly(oxypropy1ene) samples, 

Th is  c o n c l u s i o n  was t e s t e d  u s i n g  GPC r e s u l t s  on C e l l u l o s e  

ARGUMENT 

Several papers (2-8) have appeared concern ing t h e  na tu re  o f  

" t he "  hydrodynamic volume t o  use i n  t h e  s o - c a l l e d  u n i v e r s a l  

c a l i b r a t i o n  procedure f o r  Gel Permeation Chromatography (GPC) de- 

v i s e d  by Grub is i c ,  Rempp, and Beno i t  (l), 

and Ouano (2 )  has shown w i t h o u t  any doubt  t h a t  t h e  c a l i b r a t i o n  

cons tan t  should be [n]Mn where [n] i s  t h e  i n t r i n s i c  v i s c o s i t y  and 

Mn i s  t h e  number average mo lecu la r  we igh t  a t  any e l u t i o n  volume, 

Recent work by Hamielec 

The u n i v e r s a l  c a l i b r a t i o n  f o r  GPC was based on E i n s t e i n ' s  

r e l a t i o n  f o r  t h e  v i s c o s i t y  o f  a suspension o f  spheres (9 ) :  

1 kNVe Cll] = Isy - - - - - - - - - - -  
where [n] = i n t r i n s i c  v i s c o s i t y  

k = a cons tan t  

N = Avagadro's number 

Ve = volume o f  a sphere e q u i v a l e n t  
t o  t h a t  o f  one s o l u t e  mo lecu le  

M = mo lecu la r  we igh t  of s o l u t e  

See F l o r y  ( lo) ,  p. 606. From Equat ion 1 t h e  "hydrodynamic volume", 

HV, i s  p r o p o r t i o n a l  t o  [n]M. 

f u n c t i o n  o f  e l u t i o n  volume f o r  a number o f  polymers (l)o 

i s  an average o f  t he  s i z e  o f  a l l  t h e  s o l u t e  molecules, 

mo lecu le  will have a m o l e c u l a r  weight, M i ,  and a c h a r a c t e r i s t i c  

i n t r i n s i c  v i s c o s i t y ,  [~]i, so t h a t :  

m 

where m i s  t h e  number o f  molecules. 

L ~ g [ ~ ] r l  was found t o  be a l i n e a r  

k 
Each 

[ n l i M i  - - - - - - - - - 2 [n]M = 
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200 FRENCH AND NAUPLETT 

Following Hamielec and Ouano ( 2 ) ,  i f  we define [rl]M a s  J ,  a t  

any point on the e lu t ion  volume curve J will  be constant although 

Mw/Mn may vary. For t h a t  point l e t  [n]  = Cwi[n]i where W i  i s  the 

weight f rac t ion  of the i t h  species. That i s ,  the  i n t r i n s i c  

v i scos i ty  of the  polymer i s  the  weight, o r  be t t e r  - viscos i ty ,  

average of t h a t  of the f rac t ions .  

Ji/Mi. Therefore [q]  = xWiJi/Mio Hence M = = cwi J ~ / M ~  

B u t  J i s  constant. Therefore M = JZwi/Mi 
number average molecular weight,.  Hence M 

B u t  J j  = [~] iMi  and [n]i = 
J J 

J 1 
which i s  the  

s Mn and J i s  [rl]Mn, 

In the general case a s  shown by Hamielec and Ouano ( 2 )  where 

the  Mark-Houwink re la t ion  i s  not the same f o r  a l l  molecules, 

hydrodynamic volume var ies  with chromatographic e lu t ion  volume in 

accordance w i t h :  

Log [n]Mn = Log A - bC - - - - - - - - - 3 

where A and b a r e  constants and C i s  the  e lu t ion  volume, a 

re la t ion  which i s  l i nea r  o r  nearly so, 

molecular s ize ,  the average hydrodynamic volumes may be calculated 

s t a t i s t i c a l l y  from h i ,  the height of the e lu t ion  curve a t  any 

point,  and J i  = [,,]iMi read from the universal ca l ib ra t ion  curve 

determined f o r  standard monodisperse samples. 

I f  one i s  s a t i s f i e d  with 

Z h i J i  and  J = Chi i n  volume per mol, C h i  
J n  = chi/Ji 

However, Hamielec, Ouano, and Nebenzahl (3)  have devised an 

approximation method t o  obtain M n  and Mw from h i  and J i .  

The s t a t i s t i c a l  treatment of GPC r e s u l t s  has always assumed 

t h a t  molecules of the  same s i z e  i n  t he  de tec tor  c e l l  have the 

same molecular weight. For most l i nea r  polymers the assumption 
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UNIVERSAL CALIBRATION AND MOLECULAR WEIGHT AVERAGES 201 

i s  j u s t i f i e d ,  

the  same Mark-Houwink r e l a t ion ,  t h e i r  molecular weights a r e  the 

same, 

I f  a l l  the molecules a re  of the same s i z e  and obey 

CdlMl = Cd2M2 

K M ~ M ~  = K M ; M ~  

M1 = M2 

In such a case i n  the  de tec tor  ce l l  of the chromatograph 

and a t  any point on the e lu t ion  volume ax i s ,  M n  = Mw = M v ,  I f  f o r  

the  whole sample the  Mark-Houwink r e l a t ion  i s  the same f o r  a l l  the  

molecules, then s i ze  separation by GPC i s  proportional t o  mole- 

cu la r  weight, Then i f  the same Mark-Houwink r e l a t ion  holds be- 

tween d i f f e ren t  samples, comparison can be made between samples of 

various average molecular weights on the basis of e lu t ion  volumes 

a t  these averages. 

When a high molecular weight so lu te  i s  polydisperse, we 

wr i te  the Mark-Houwink r e l a t ion :  

- [n 1 - KM; 

where K and a = constants 

= v i scos i ty  average molecular 
weight 

MV 

A t  a s ing le  e lu t ion  volume i f  several species a r e  present 

each obeying i t s  own i n t r i n s i c  v i scos i ty  - molecular weight 
a 

r e l a t ion ,  there  will  be a composite r e l a t ion  of t he  form KM,, 

T h u s  [n]Mn becomes KMVMn which can be placed i n  terms of one 

molecular weight average only t h r o u g h  t he  introduction of a d i s -  

pe r s i ty  term. 

a 

I f ,  however, a t  a s ing le  point on the e lu t ion  
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202 FRENCH AND NAUFLETT 

volume curve a l l  the molecules obey the  same Mark-Houwink equation 

then they a re  a l l  of the same molecular weight and the expresions 

M v ,  M w ,  and M n  have no meaning a t  t h a t  point and [ d M n  becomes 

KMa+' .  If the same Mark-Houwink equation holds f o r  a l l  the 

polymer then KMa+' becomes the s i z e  separation expression a l l  

along the e lu t ion  volume curve. 

long the chromatographic curve. 

one molecular weight the  type of average involved in separation 

does not  en te r  the  p ic ture ,  

s ince  various amounts of polymer a r e  associated w i t h  d i f f e r e n t  

points,  we will  i n  general have various s i zes  and molecular 

weights each of which must a t  l e a s t  approximately f i t  

Separation i s  point by point a- 

If  each point i s  associated w i t h  

When we then average a s ing le  curve, 

Log wa+l , = L O g A - b C  - - - -  4 

and Log 

Let ($)x 2 d 

= Log (;Im - &- C 

and -- b = e  
a+l  - 

Then Log M = Log d - eC 

If the molecular weight of the  f r ac t ions  i s  known one may 

then ca lcu la te  M,, M v ,  M n  s t a t i s t i c a l l y  f o r  the  whole polymer i n  

the  usual manner from the  observed heights of t he  chromatogram 

and read of f  corresponding values of Cw, C v ,  and  C n  from a p lo t  

of Equation 8 so tha t  one has: 

Log Mw,v,n = Log d - eCWIv,, - - - - 9 

W i t h  a s ing le  polymer the  three  Equations 9 each connect 

two variables only and have the same in t e rcep t  and slope and 

therefore  form one curve f o r  various samples of one k i n d  of 
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UNIVERSAL CALIBRATION AND MOLECULAR WEIGHT AVERAGES 203 

polymer. They must, s ince  as  t h e  area o f  a chromatogram 

approaches zero, t h e  t h r e e  mo lecu la r  we igh t  averages approach 

each other .  

I f  we s u b s t i t u t e  Equations 6 and 7 i n  Equat ion 9 and r e -  

Log A - bCw 

Log [q]Mw 

- Log C d M V  

- - - - - - - - 11 

- - - - - - - - 12 

- - - - - - - - 13 

a t 1  = Log KMw 

2 

a t 1  - - Log A - bCv Log KMv 

- 

If Equat ion 10 i s  subs t rac ted  f rom Equat ion 11: 
b ( Cn-Cw) 

Log MW/Mn = a t 1  = e(Cn-Cw) - - - 14 

Here Mw/Mn i s  t h e  d i s p e r s i t y  o f  t h e  whole polymer. 

EXPERIMENTAL 

The ideas expressed above were t e s t e d  us ing  r e s u l t s  ob ta ined  

f rom e leven c e l l u l o s e  n i t r a t e  samples w i th  n i t r o g e n  c o n t e n t  vary-  

i n g  from 12,0% t o  13.1% and twe lve  poly(oxypropy1ene) m i x t u r e s  o f  

known d i s p e r s i t y  va ry ing  from 1,03 t o  1,53 (11). 

i ns t rumen ts  and t h r e e  s e t s  o f  columns were used. 

Two d i f f e r e n t  

a. M a t e r i a l s  

C e l l u l o s e  N i t r a t e  was i d e a l l y  s u i t e d  f o r  our  purpose s i n c e  

i t  has a broad mo lecu la r  we igh t  d i s t r i b u t i o n  which v a r i e s  g r e a t l y  

between samples. 

se lec ted  f o r  c h a r a c t e r i z a t i o n ,  The samples desc r ibed  i n  Table 1 

were ob ta ined  f rom Hercules, Inc,, P a r l i n ,  New Jersey and 

Eleven c e l l u l o s e  n i t r a t e  (N/C) samples were 
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204 FRENCH AND NAUFLETT 

TABLE 1 

Cel lu lose  N i t r a t e  Samples 

-~ -~ ~~ 

Hercules Nitrogen Mol W t .  
Lot TYPE Content, % ( a )  !In Osm, ( b )  

3569 

4106 

1696 

4874 

4569 

441 9 

771 5 

2234 

771 9 

2238 

9038 

RS-0,5" 

RS-5 4" 

RS-15" 

RS - 3 3 I' 

RS-60" 

RS-125" 

6" 

10-15" 

20" 

36" 

12" 

11,95 

12,03 

11.86 

11.97 

11,97 

12"OO 

12,60 

12-64 

12,61 

12,56 

13-13 

261 33 

39985 

3351 5 

55908 

52428 

39489 

72200 

52428 

57700 

57695 

( a )  Fiitrogen was determined by the n i t rometer  method 
according t o  Mil, Std.  286B 

( b )  Osm - Membrane Osmometer 

contained 30% ethanol  I Viscos i ty  g r  des o f  the m l e s  var ied  from 

0-5  t o  125 seconds, 

Laborator ies ,  J o l i e t ,  I l l i n o i s  i n  acetone s o l u t i o n  using a Hewlett- 

Packard membrane osmometer, The membrane osmometer method employed 

Molecular weights were determined by the ArRo 
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UNIVERSAL CALIBRATION AND MOLECULAR WEIGHT AVERAGES 2 05 

would bes t  be desc r ibed  as dynamic r a t h e r  than s t a t i c  and l o w  mole- 

c u l a r  weight  i m p u r i t i e s  i n  t h e  samples may n o t  have d i f f u s e d  through 

the  membrane, The c e l l u l o s e  n i t r a t e  s o l u t i o n s  were a l l owed  t o  

s tand two t o  t h r e e  days t o  e f f e c t  complete s o l u t i o n ,  

Po lys ty rene  standards were obtaned f rom Waters Associates 

(12)and t h e  Pressure Chemical Company (17), 

Poly(oxypropy1ene) samples o f  nominal mo lecu la r  we igh t  400, 

1000, and 2000 were obta ined f rom BASF-Wyandotte w h i l e  4000 mole- 

c u l a r  we igh t  m a t e r i a l  was ob ta ined  f rom t h e  Dow Chemical Coo 

Formulat ion and t rea tmen t  o f  these m a t e r i a l s  a re  desc r ibed  i n  

Keference 11 

The s o l v e n t  f o r  a l l  measurements was t e t r a h y d r o f u r a n  (THF) 

b. Equipment 

Two chromatographic i ns t rumen ts  were used, a Waters Associates 

Model 200 and a m o d i f i e d  Waters Associates 202/401 wi th  a h i g h  

pressure pump capable o f  reach ing  2000 p s i ,  e q u i v a l e n t  t o  a Model 

244. C e l l u l o s e  n i t r a t e  was analyzed u s i n g  b o t h  inst ruments,  On 

the  Waters 200 t h e  columns employed were 2.5 x l o 4  AU (Cat. No, 

39715), 1 x l o 5  AU (Cat, No, 39716), 3 x l o 5  AU (Cat. No, 39717), 

1 x l o 6  AU (Cat. No, 39718), and 1 x 10 AU (Cat. No. 39719) 

des ignated column s e t  By  w h i l e  w i t h  the  202/401 t h e  columns were 

lo2 ,  lo3,  lo4,  lo5 and lo6 AU pore s i z e  c a l l e d  column s e t  C, 

Poly(oxypropy1ene) was r u n  w i t h  t h e  Waters 200 ins t rumen t  u s i n g  

columns o f  2,25 x lo2,  1,4 x lo3, 1,4 x lo3 and 3.5 x l o 3  AU 

c a l l e d  column s e t  11. 

7 
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206 FRENCH AND NAUnETT 

Column s e t s  B and I1 were packed w i t h  S ty rage l  w h i l e  column 

s e t  C was packed w i t h  M ic ro -S ty rage l  o f  s m a l l e r  p a r t i c l e  s ize,  

I n  a l l  cases a f l o w  r a t e  o f  1,O ml /minute was used a t  25"C0 The 

Waters 200 ins t rumen t  was used a t  a s e n s i t i v i t y  o f  f o u r  f o r  t h e  I IC  

and a s e n s i t i v i t y  o f  one f o r  t h e  Poly(oxypropylene) ,  

c, C a l i b r a t i o n  w i t h  Po lys ty rene  Standards 

The GPC curves were analyzed by t h e  success ive approx ima t ion  

method descr ibed by Adams e t  a1 ( 1 3 ) -  The r e s u l t s  for t h e  column 

s e t s  a r e  shown i n  Tables 2, 3 and 4 and F igu res  3, 4, and 5, 

The equat ions d e s c r i b i n g  t h e  po lys ty rene  curves were: 

Column s e t  B, Waters 200: Log Mn = 11.79-OD0317C - - 
Column s e t  C, Waters 202/401: 

Column s e t  11, Waters 200: 

16 

Log Mn = 10,27 - 0.156C - - - - 17 

Log Mn = 7 -91  - 0.0336C - - - - 18 

where Cis e l u t i o n  volume i n  m l  a t  t h e  number average m o l e c u l a r  

we igh t  (Mn ) 

Po lys ty rene  i n t r i n s i c  v i s c o s i t i e s  were c a l c u l a t e d  from t h e  

equa t ion  o f  Spa to r i co  and C o u l t e r  (8), 

p rev ious  work and concluded t h a t  t h e  i n t r i n s i c  v i s c o s i t y  of p o l y -  

s t y rene  i n  THF a t  25°C was b e s t  represented by 

These au tho rs  rev iewed 

[ Q ]  = loll x Q00725, d l / g  - - - - - - 19. 

The p roduc t  o f  t h e  we igh t  average mo lecu la r  we igh t  of t h e  

standards and t h e i r  c a l c u l a t e d  i n t r i n s i c  v i s c o s i t y  a t  t h a t  
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Figure 1 :  Hark-Houwink Relat ion f o r  12.0-12.6% N 
C e l l u l o s e  N i t r a t e  i n  THF a t  25°C 

molecular weight were plotted a s  the hydrodynamic volume aga ins t  

e lu t ion  volume a t  peak height, 

2 , 3 , and 4 and a s  l i n e s  without points i n  Figures 6, 7 ,  and 

8 ,  

d o  

The r e s u l t s  a r e  shown in Tables 

Cellulose Ni t ra te  and Poly(oxypropy1ene) Analysis 

The  GPC curves f o r  ce l lu lose  n i t r a t e  and polyfoxypropylene) 

were analyzed using the  method described above. 

ce l lu lose  n i t r a t e  the  e lu t ion  volcrmes a t  the  peak heights were 

plotted aga ins t  the  number average molecular weight (Mn) tha t  had 

In t h e  case o f  
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0.10 
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0.06 

0.04 
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o Mol. W t .  from OH content  

Mol. W t .  co r rec ted  fo r  
t e rm ina l  unsa tu ra t i on  

0.68 1111 = 0.00040 M d l i g  

600 800 1000 2000 4000 
Molecular  Weight 

F igu re  2: I n t r i n s i c  V i scos i t y  - Molecular  Weight Re la t i on  
fo r  Polypropylene Oxide o f  Narrow Molecular  Weiqht 
D i s t r i b u t i o n  i n  THF a t  20°C 

been determined independently by membrane osmometry, From the  

f i r s t  approximate curve, the  e lu t ion  volumes a t  Mn were calculated.  

These elution volumes were i n  turn p lo t ted  aga ins t  Mn (osmometer) 

forming a new ca l ib ra t ion  curve, 

the f ina l  ca l ibra t ion  curve approached by successive approxima- 

t ions ,  Elution volumes and molecular weights from f rac t iona ted  

N/C samples were a l so  used t o  ca lcu la te  ca l ib ra t ion  curves u s i n g  

data of Carignan and Turngren (14), 

The process was repeated and 
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UNIVERSAL CALIBRATION AND MOLECULAR WEIGHT AVERAGES 213 

Results on cellulose ni t ra te  using the Waters 200 and 

column se t  B are given in Table 2 and  Figure 3 while those using 

the Waters 202/401 and column set  C are shown in Table 

Figure 4, 

molecular weight procedure, 

3 and  

The scatter in the points i s  attributed mainly t o  the 
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1,000,000. 

R 

6 

4 

2 

100,000 
8 

6 

4 

2 

10,ooc 

o Cellulose tlitrate - T h i s  work 

Cellulose Nitrate - Carignan and 
Turngren (14) 
(Placed with respect to Polystyrene 
Curve) 

I 1 6 I I I 1 1 - 
30 32 34 36 38 40 

Elution Volume at M,, ml 

Fiqure 4: GPC Calibration Curve for Cellulose Nitrate with Waters 
202/401 High Pressure Instrument and Column Set C 

Results of Carignan and Turngren (14)  were used t o  give a 

su f f i c i en t  molecular weight range. Their data were placed w i t h  

respect t o  the two polystyrene curves from t h e i r  paper and t h i s  

work. The ce l lu lose  n i t r a t e  ca l ib ra t ion  using column set B and 
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t h e  Waters 200 ins t rumen t  was: 

Log Mn = 11-83 - 0,0333C - - - - - - - - - 20. 

Wi th  t h e  h i g h  pressure Waters 202/401 and column s e t  C t h e  

c a l  i b r a t  i o n  was : 

Log Mn = 9.99 - Oo154C - - - - - - - - - 21 

where C i s  i n  m i l l i l i t e r s ,  

Molecular  weights  c a l c u l a t e d  f rom t h i s  c a l i b r a t i o n  cu rve  

(Eq, 21) f o r  f i v e  c e l l u l o s e  n i t r a t e  l o t s  a r e  g i ven  i n  Table 3 

As expected, t h e  number average mo lecu la r  weights  a r e  comparable 

w i t h  those ob ta ined  u s i n g  t h e  Waters 200 and column s e t  B which 

was packed w i t h  S ty rage l  as opposed t o  M ic ro -S ty rage l  i n  column 

s e t  C, However, i n  a l l  cases t h e  d i s p e r s i t y  values, Mw/Mn, found 

w i t h  t h e  M ic ro -S ty rage l  i n  t h e  h i g h  p ressu re  i n s t r u m e n t  were 

l ower  than found w i t h  S ty rage l  i n  t h e  Waters 200. 

number average mo lecu la r  w e i g h t  va lues were used t o  c a l i b r a t e  

each inst rument ,  t h e  two ins t rumen ts  must i n  p r i n c i p l e  y i e l d  t h e  

same number average mo lecu la r  weights. 

d i s p e r s i t y  may be d i f f e r e n t  s i n c e  d i f f e r e n t  column s e t s  were used. 

Columns o f  l o 7  AU pore s i z e  can be used w i t h  t h e  low pressure 

Waters 200 ins t rumen t  b u t  can n o t  be made f o r  t h e  202/401. 

e x c l u s i o n  r e s u l t s  a t  h i g h  mo lecu la r  we igh ts  w i t h  t h e  l a t t e r  

inst rument ,  

S ince s tandard 

The we igh t  averages and 

Hence 

Resu l t s  on Poly(axypropy1ene) u s i n g  t h e  Waters 200 GPC and 

column s e t  I 1  a r e  g i ven  i n  Table 4 and F i g u r e  5. The l i n e  i n  

F i g u r e  5 obeyed t h e  r e l a t i o n :  
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216 FRENCH AND NAUFLETT 

Log Mn = 7.42 - 0.031C - - - - - - - - - - 22 

where C i s  in mi l l i l i t e r s ,  

I t  must be noted t h a t  th i s  relation i s  given incorrectly in 

the previous paper (11)  which, however, does n o t  invalidate the 

other d a t a  and conclusions reached therein, 

Intrinsic viscosit ies [n] of cellulose n i t ra te  were deter- 

mined on the samples shown in Table 1 in tetrahydrofuran (THF) a t  

40,000t 

E l u t i o n  Volume at Mn, 5 ml Counts 

Figure 5: GPC Calibration Curve f o r  Polypropylene Oxide Using 
Waters 200 Instrument and Column Set I 1  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



UNIVERSAL CALIBRATION AND MOLECULAR WEIGHT AVERAGES 217 

25°C w i t h  r e s u l t s  g i ven  i n  Tables 2 and 3 A p l o t  o f  t h e  data 

i n  F i g u r e  1 gave t h e  r e l a t i o n :  

23 - - - - - - - - - - -  0.80 [n] = 0,00013 M,,, 
0,84 

T h i s  r e s u l t  compares w i t h  0.00023 Mw 

(15)  f o r  c e l l u l o s e  t r i n i t r a t e  i n  THF a t  25°C. 

b o t h  cases was i n  g /d l ,  

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

u s i n g  t h e  method o f  L i n d s l e y  and Frank (16) one o b t a i n s  

found by Timpa and Segal 

Concen t ra t i on  i n  

I f  i n t r i n s i c  v i s c o s i t y  i n  F i g u r e  1 i s  

24 
0,84 

I n t r i n s i c  v i s c o s i t i e s  o f  t h e  poly(oxypropy1ene) m i x t u r e s  i n  

[n] = 0,00018 Mw - - - - - - - - - - - 

THF were c a l c u l a t e d  from t h e  equa t ion  

[n]  = 0,00040 $06*, d l / g  a t  20°C - - - - - 25, 

T h i s  r e l a t i o n  i s  a m o d i f i c a t i o n  o f  t h a t  o f  W. Scho l tan  and 

W.Y, L i e  (18), These workers determined i n t r i n s i c  v i s c o s i t y  as a 

f u n c t i o n  o f  mo lecu la r  we igh t  c a l c u l a t e d  f r a n  hyd roxy l  number. They 

d i d  n o t  c o r r e c t  f o r  t h e  presence o f  t e r m i n a l  u n s a t u r a t i o n  which 

becomes of some importance f o r  poly(oxypropy1ene) above mo lecu la r  

we igh t  2000, 

s a t u r a t i o n  can be est imated as a f u n c t i o n  o f  mo lecu la r  we igh t  and 

used t o  c o r r e c t  e q u i v a l e n t  we igh t  f rom hyd roxy l  analyses, 

mo lecu la r  we igh t  1000 t e r m i n a l  u n s a t u r a t i o n  i s  0.022 meq/g; a t  

mo lecu la r  we igh t  2000 i t  i s  0,033 meq/g; and a t  mo lecu la r  we igh t  

4000 i t  i s  0,074 meq/g, 

and L i e  (18) a f t e r  such a c o r r e c t i o n .  

Using r e s u l t s  found p r e v i o u s l y  (11) t e r m i n a l  un- 

A t  

F i g u r e  2 shows t h e  r e s u l t s  o f  Scho l tan  
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218 FRENCH AND NAUFLETT 

DISCUSSION 

To summarize what was done a s  a r e s u l t  of work outlined in 

the previous section: 

1 ,  From known values of M n  and from e lu t ion  volumes were 

determined ca l ib ra t ion  r e l a t ions  between Log Mn and e lu t ion  

volumes a t  M n  in the form o f  Equations 15, 17, 18, 20, 21, and 

22 a s  shown i n  Figures 3, 4 ,  and 5, 

2, These ca l ib ra t ion  curves were used to ca l cu la t e  GPC 

values of M n y  FI,, M W / M n ,  C n ,  Cw, and (Cn-Cw) which a r e  given i n  

Tables 2 , 3 , and 4, 

3, Using experimental values o f  i n t r i n s i c  v i scos i ty  o r  

known Mark-Houwink constants given in Equations 19 and 25 the  

functions [,,]Mw, WEf1, and [ri]E$, were calculated and a r e  shown 

in Tables 2 ,  3,  and 4 

4 ,  The functions Log Log KM;”, and Log were 

plotted aga ins t  e lu t ion  volume a s  shown in  Figures 6,  7, and 8 

and the Logarithm o f  the d i spe r s i ty ,  Mw/Mn, was plotted aga ins t  

(Cn-Cw)  as shown i n  Figure 9, 

5, The slopes and in te rcepts  of the l inea r  curves in 

Figures 6, 7 ,  8 and 9 were calculated and tabulated in Table 5 

together with those from Equations 15, 17, 18, 20, 21 and 22 taken 

from Figures 3 ,  4 ,  and  5, 

Since s t r a i g h t  l i n e  ca l ib ra t ion  curves were used t o  r e l a t e  

Log I! with e lu t ion  volume, i f  Equations 10 and 11 hold, then p lo t s  

of Log KMn a+l a+l and Log 01, versus e lu t ion  volume must form s t r a i g h t  
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r 3,000,000 

1,000,000 

Line: Polystyrene Standards 

0 DW 

rn 0 
Factor  !h Mn 

0 - [n ]  Mn V S .  v o l  a t  Mn 

w - [,,I Mn vs .  Vol. a t  M, 

,, - [,,I Mw vs. Vol. a t  M, 

- KM,"+' vs v o l .  a t  M, 
( K  = 0.00013 dl/gm, n = 0.80) 

1 .ow I I 1 I I 4 I 1 I I 

36 37 38 39 40 41 42 43 44 45 46 

E l u t i o n  Volume, Counts, 5 ml 

Figure 6 : Comparison o f  Number and Weight Average Molecular  
Weights f o r  Universa l  GPC C a l i b r a t i o n  us ing N i t r o -  
c e l l u l o s e  Samples and Measured I n t r i n s i c  V i scos i t i es .  

The l ine  formed, however, will l i e  on t h a t  of the poly- 
a+l a+l 

styrene standards only i f  the functions KMn and KM, represent 

t rue  hydrodynamic volumes, 

From the r e s u l t s  we wish t o  see several things: 

a. F i r s t ,  does Log [n]Mn vary d i r e c t l y  w i t h  e lu t ion  volume 
s amp1 es 

A 
f o r  d i f f e r e n t  and does the curve formed l i e  on the  Log [n]M versus 
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4000 
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I I I 1 

30 31 32 33 34 35 36 37 30 39 

Line: Polystyrene Standards 

0 :  

KMn VS.  Vol. at M 

[n]Mw vs. Val at M, 
a+l 

( K  = 0.00013 dl/q, a = O"0) 

elution volume curve f o r  nearly monodi sperse standard polystyrene 

samples? If i t  does not l i e  on the polystyrene curve, i s  the  

f ac to r  separating the two curves the  d i spe r s i ty  Mw/Mn, i n  

accordance w i t h  the f ac to r  between Equation 3 and Equations 10 

and 11? 
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1000 
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1 0 0  

80 

60 

40 

20 

22 1 

- 
- 
L 

- 
- 
- 
- 

- 
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- 
- 
- 

- 
- 

- 

1 0  

0 : [n]Mw, VS. Vol. at Mw 

: KMn vs. Vol. at Mn 

o : 

a+l 

[n]Mn vs. Val. a t  Eln 
( K  = 0.00040 dl/g, a = 0.08) 

1 , 
23 24 25 26 27 28 

An examination o f  Figures 6 and 8 shows tha t  Log [u]Mn 

p lo t ted  aga ins t  e i t h e r  volume a t  Mn o r  IIw does not l i e  on the polystyrene 

universal p lo t ,  

and [VIM f o r  polystyrene a t  t he  same e lu t ion  volume i s  i n  f a c t  

equal t o  '/Mn. 

between [u]Mn f o r  poly(oxypropy1ene) and the  polystyrene curve 

a s  the  d i spe r s i ty  increases from 1.03 to  1.53. 

The f ac to r  between [q]Mn f o r  ce l lu lose  n i t r a t e  

M 
In Figure 8 a c l ea r  progression i s  shown 
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0 :  Cellulose Nitrate, Waters 200, Column Set 0 

6.C 

5.c 

4.c 

3.0 

c 5 

2 
* 
42 

111 L 
W a YJ 

.- 

.r 
a 

2.0 

1 .o - 
5 10 15 

( C n  - C w ) .  ml 
Figure 9: Relation Between GPC Dispersity and Elution 

Volume Separation. Cn-Cw. 

a +1 
b ,  Secondly,  do Log KMn and Log [n]Mw ( o r  Log m i ” )  

v e r s u s  M n  and r e s p e c t i v e l y  f a l l  on t h e  p o l y s t y r e n e  curve i n  

acco rdance  with Equa t ions  10, 11 ,  and 12? F i g u r e s  6, 7,  and 8 
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show t h a t  these equat ions a r e  c e r t a i n l y  obeyed w i t h i n  t h e  l i m i t s  

o f  e r r o r ,  

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

between e l u t i o n  volume a t  Mn and Mw i n  accordance w i t h  Equat ion 

14 and does t h e  cons tan t  i n  Equat ion 14 have t h e  same va lue  as e 

i n  Equat ion 9? 

a g a i n s t  (Cn-Cw) i n  m l  i n  F i g u r e  9. 

whose s lope  i s  g i v e n  i n  t h e  n e x t  t o  t h e  l a s t  column o f  Table 5, 

I n  the  t h r e e  cases t h e  s lopes a r e  e s s e n t i a l l y  t he  same as found 

f rom Equat ion 9 i n  F igu res  3,  4, and 5, As above, t h e  e x c e l l -  

ence o f  t h e  f i t  of t h e  p o i n t s  t o  t h e  l i n e s  i s  because l i n e a r  

c a l i b r a t i o n  curves were employed and n o t  because o f  t h e  q u a l i t y  

o f  t h e  exper imenta l  techniques a 

The l o g a r i t h m  o f  t h e  d i s p e r s i t y  i s  p l o t t e d  

L i n e a r  r e l a t i o n s  r e s u l t  

d o  Four th,  do the  r e l a t i o n s  between t h e  cons tan t  i n  Equat ion 

9 and Equations 10 and 11 s a t i s f y  Equat ions 6 and 7? The i n t e r -  

cep t ,  Log d, and slope, e, f rom Equat ion 9 taken f rom F igu res  3, 

4, and 5 a r e  g i v e n  i n  Table 5 f o r  t h e  v a r i o u s  systems, 

accordance w i t h  Equations 6 and 7 these were conver ted  t o  Log 

Kda+l and e ( a t 1 )  t o  g i v e  va lues o f  Log A and b. 

compared i n  Tab le  5 w i t h  Log a and b f r om Equations 10, 11, and 

12 determined f rom Figures 6, 7, and 8, 

found. 

I n  

These va lues a r e  

Close agreement i s  

The numbers i n  Table 5 may be used t o  compare t h e  column sets 

used w i t h  c e l l u l o s e  n i t r a t e  i n  t h e  Water 's  200 and 202/401 i n s t r u -  

ments, The r e s o l u t i o n  o f  t h e  systems i s  - - 2.3026b~ where 

J i s  t h e  hydrodynamic volume, That i s ,  t h e  h i g h e r  t h e  m o l e c u l a r  

dc - 1 
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224 FRENCH AND NAUFLETT 

weight the  poorer the resolution,, For the 200 instrument 
1.58 - dc - 7,39 dc - - -  and f o r  the  202/401 - dJ = J These values dJ J 

f o r  the par t icu lar  column s e t s  employed would be higher f o r  t he  

202/401 i f  a higher porosity column could have been used, 

CONCLUSION ~- 
When the molecules i n  t he  de tec tor  a l l  obey the same Mark- 

Houwink r e l a t ion ,  Equations 10, 11 ,  and 13 cons t i t u t e  a “Universal 

GPC Calibration” in term of KMa+’ of any molecular weight average, 

of [n]Mv, o r  approximately o f  [n]Mw. 

however, i s  [q]Mn which indeed has no meaning o ther  then  [q]M 

when only one species is present. When the  t l i spers i ty  of t he  

None of these expressions, 

whole sample i s  l a rge ,  use of KMt+l doubles the  number of points 

ava i lab le  f o r  determination of the  ca l ib ra t ion  curve because the  

points placed by KM, 

o f  the universal curve and those from KM;” will  be a t  the upper, 

In theory one such sample m i g h t  su f f i ce  f o r  a determination of 

the  curve. 

Equation 3 i s  the  d i spe r s i ty  of the sample, 

approaches 1.0 a point placed by Equation 3 will approach the 

curve formed by Equations 10, 11 or  13, 

a+l will  be a t  the low molecular w e i g h t  end 

The f ac to r  between Equations 10, 11, and 13 and 

As the d i spe r s i ty  
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