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THE ERRORS IN THE TREATMENT OF GEL P&RMEATION CHROMATOGRAPHY DATA : 
ORIGINS AND CORRECTIONS 

By Laurent Letot, James Lesec and CZaude Quivoron 

Laboratoire de Physico-Chimie des Potpn&es f C .  N. R. S. L .  A .  2781 
E.S.P.C.I. - 10, rue VauqueZin - 75231 Paris Cedex 05 - France. 

ABSTRACT 

This paper  dea l s  w i t h  the o r i g i n s  of errors in  d a t a  i n t e r p r p t a -  
t ion  when u s i n g  modern GPC w i t h  dua l  d e t e c t i o n  ( r e f r a c t o m e t e r - v i s c o -  
meter) a s  a method of d e t e r m i n a t i o n  o f  average  m o l e c u l a r  w e i g h t s  of 
po lymers .  We describe here the d i f f e r e n t  errors c l a s s i f i e d  i n  two 
groups : t y p i c a l  chromatographic  errors and d a t a  t r e a t m e n t  errors and 
we show t h a t  t h e y  can l e a d  t o  v e r y  m i s c a l c u l a t e d  m o l e c u l a r  w e i g h t  
v a l u e s .  For e v e r y  c a s e ,  we  h a v e  t r i e d  t o  propose  the best way t o  a v o i d  
or  correct these e r r o r s  so a s  t o  u s e  modern GPC a s  a v e r y  a c c u r a t e  
method of polymer c h a r a c t e r i z a t i o n .  

INTRODUCTION 

G e l  Permeation Chromatography ( G P C )  i s  a method o f  polymer 
c h a r a c t e r i z a t i o n  which i s  go ing  t o  t a k e  the p l a c e  o f  the t r a d i t i o n a l  
methods of average  mo lecu lar  we igh t  d e t e r m i n a t i o n .  I t  can be used 
i n  t w o  d i f f e r e n t  ways: one can o n l y  consider recorded chromatograms 
a s  q u a l i t a t i v e  r e p r e s e n t a t i o n s  o f  m o l e c u l a r  d i s t r i b u t i o n  and compare 
t h e m  t o  stress d i f f e r e n c e s  of p o l y d i s p e r s i t y .  But  one can a l s o  a c h i e v e  
c a l c u l a t i o n s  f rom chromatographic  p e a k s  so as t o  o b t a i n  average  
m o l e c u l a r  we igh t  v a l u e s .  GPC may be then a v e r y  q u a n t i t a t i v e  method 

o f  mo lecu lar  w e i g h t  d e t e r m i n a t i o n  and ,  a c c o r d i n g l y ,  mus t  withstand 

a c r i t i c a l  a n a l y s i s .  For t h i s  r e a s o n ,  i t  i s  impor tan t  t o  d e t e r m i n e  
the main o r i g i n s  of errors i n  GPC da ta  i n t e r p r e t a t i o n  and their 

i n f l u e n c e  on the accuracy  w i t h  which the average  m o l e c u l a r  we igh t  
v a l u e s  a r e  o b t a i n e d .  W e  can t h u s  number three k i n d s  of errors : 
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1638 LETOT, LESEC, AND QUIVORON 

- errors arising from abnormal elutions 
- t y p i c a l  chromatographic errors 
- da ta  treatment errors. 

Errors arising from abnormal elutions mainly occur when the 

stationary phase-mobile phase system i s  not suitable ( 1 ) .  Interac- 
t ions between the packing and the solute may involve retention 
mechanisms such a s  adsorption or part i t ion besides the s ter ic  
exclusion process, increasing elution volumes and leading, thus  
t o  underestimated molecular weight  values. We w i l l  not consider 
these non-exclusion e f f e c t s  and we w i l l  only analyze the origin 
o f  errors when the chromatographic system i s  w e l l  suited.  

Typical chromatographic errors are direct ly  related to  
instrumentation and chemicals ( 2 ) .  The main discrepancy i s  due t o  
the calibration relationship between elution volumes and molecular 
weights, f i r s t  because o f  the bad molecular weight accuracy o f  the 
standards used bu t  also,  the d i f f i c u l t y  i n  determiningprecisel y ,  

flow rate s tab i l i t y  and elution volumes. In addition, the sample 
dissolution and the accuracy on the injected solute amount may 
lead to  very important errors. 

Finally, d a t a  treatment must take in to  account experimental 
imperfections and include their  corrections ( 3 ) .  We w i l l  examine 
the d a t a  treatment problems in  the case o f  modern GPC using micro- 
gels w i t h  elution times of about 20 minutes. 

EXPERIMENTAL 

The experiments were run on a high performance liquid chromato- 
graph composed w i t h  Waters Associates components : a M 6 0 0 0  A 

solvent delivery system, a U6K injector ,  a R 401  d i f ferent ia l  refrac- 
tometer, and a u-styragel column set  10 A ,  10 A ,  10  A ,  10 A .  The 
GPC instrument was equipped w i t h  a continuous viscometer recently 
described ( 4 )  and a 9825 S Hewlett-Packard desk computer fo r  data 
acquisition and treatment ( 1 6 ) .  

3 O  4 O  .So 

Standards used f o r  calibration were polystyrene samples from 
Waters Associates. Solvent (T.H.F.)  and solutions were membrane- 
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ERRORS IN TREATMEXT OF GPC DATA 1639 

f i l t e red  v i a  Millipore solvent and sample c l a r i f i c a t i o n  k i t s .  The  

u l t r a s o n i c  b a t h  used f o r  sample d i s s o l u t i o n  was a Branson B 12 

(80 w a t t s )  u l t r a s o n i c  c l e a n e r .  

RESULTS 

- TYPICAL CHROMATOGRAPHIC ERRORS 

Measurement of e l u t i o n  volumes 
In order t o  o b t a i n  a reliable r e l a t i o n s h i p  be tween  e l u t i o n  

volumes and m o l e c u l a r  w e i g h t s ,  i t  i s  e s s e n t i a l  t o  measure and check 

a c c u r a t e l y ,  the mobile phase  f l o w  r a t e .  A common technique i s  to  
u s e  a s i p h o n  volume c o u n t e r  ; u n f o r t u n a t e l y ,  this d e v i c e ,  which 
i s  v e r y  stable i n  a short p e r i o d  of t i m e  (better than 0.1 %), 

p r e s e n t s  g r e a t  v a r i a t i o n s  i n  l o n g e r  p e r i o d s  t h a t  c a n  e x c e e d s  1 %. 

These errors may be v e r y  i m p o r t a n t  when, f o r  example,  the s i p h o n  

is removed f o r  c l e a n i n g  and r e p l a c e d  w i t h o u t  c a u t i o n .  T y p i c a l l y ,  

Table 1 g i v e s  3 series of  measurements ,  ach ieved  a t  d i f ferent  

t i m e s  f o r  a same p o s i t i o n  o f  a l m l  siphon w i t h  a t e t r a h y d r o f u r a n  

(THF)  f l ow  r a t e  o f  2ml/nm. 
These v a r i a t i o n s  a r e  too g r e a t  t o  p e r f o r m  a c c u r a t e  measurements  

w i t h  a s iphon  volume c o u n t e r  a n d ,  i n s t e a d ,  it seems better t o  u s e  
e l u t i o n  times for d e t e r m i n i n g  e l u t i o n  volumes, a l t h o u g h  this m e t h o d  

r e q u i r e s  a h i g h  q u a l i t y  pumping s y s t e m  w i t h  a w e l l  r e g u l a t e d  f low 

r a t e .  A d i f f i c u l t y  appears  when a l e a k  or a pump m a l f u n c t i o n  
o c c u r s .  The  r e a l  f l o w  r a t e  i s  then s m a l l e r  than the p r e s e t  one 

TABLE 1 

Mean t i m e  D e v i  a ti on E l u t i o n  volume Peak m o l e c u l a r  Error 

i n  seconds o f  PS' 1i1,ooo weight  

25.62 < . 1 %  34.90 ml  122,000 10% 

25.43 < . 1% 35.15 m l  111,000 0% 

25.26 c * 1% 35.40 m l  102,000 -10% 

X ps : p o l y s t y r e n e  
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LETOT, LESEC, AND QUIVORON 

and this l e a d s  t o  underes t ima ted  m o l e c u l a r  w e i g h t s  ( t y p i c a l l y  1 % 

f l o w  v a r i a t i o n  corresponds  t o  abou t  15 % error on m o l e c u l a r  w e i g h t ) .  

H o w e v e r ,  i t  i s  p o s s i b l e  to  a c c u r a t e l y  check the f l o w  r a t e  b y  the 
u s e  o f  a c o n t i n u o u s  v i s c o m e t e r ,  a s  w e  have  shown i n  a p r e v i o u s  

paper ( 4 ) .  

Determina t ion  o f  m o l e c u l a r  w e i g h t  v a l u e s  

The second problem i s  to  e s t a b l i s h  the r e l a t i o n s h i p  between 
e l u t i o n  volumes and m l e c u l a r  w e i g h t s ,  since GPC i s  p r e s e n t l y  

a non-abso lu te  method and g e n e r a l l y - r e q u i r e s  a c a l i b r a t i o n .  Some 

"absolute" m o l e c u l a r  we igh t  d e t e c t o r s  e x i s t ,  such  a s  the c o n t i n u o u s  

viscometer ( 4 )  i f  the Mark-Houwink c o e f f i c i e n t s  a r e  known, or the 

l o w  ang le  laser l i g h t  s c a t t e r i n g  d e t e c t o r  ( 5 1 ,  b u t  these d e t e c t o r s  

a r e  r a t h e r  used t o  p r o v i d e  i n f o r m a t i o n  on m o l e c u l a r  we igh t  d i s t r i -  

b u t i o n s .  A c a l i b r a t i o n  c u r v e ,  o b t a i n e d  b y  i n j e c t i o n s  o f  p o l y s t y r e n e  

s tandards ,  t h u s  has t o  be used .  A c c o r d i n g l y ,  the measurement accu-  

r a c y  is d i r e c t l y  dependent  upon the accuracy  of these s t a n d a r d s .  

I t  i s  impor tant  to select them c a r e f u l l y  since a l l  of them a r e  

not w e l l - l a b e l e d  and it i s  not r a r e  t o  encounter errors g r e a t e r  

than 20 %. Other s t a n d a r d s ,  d i f f e r e n t  f rom p o l y s t y r e n e ,  a r e  .TOW 

a v a i l a b l e  l p o l y t e t r a h y d r o f u r a n ,  p o l y m e t h y l m e t h a c r y l ~ t a ,  etc . . . I ,  

b u t  their accuracy  i s  unknown since t h e y  a r e  s u p p l i e d  i n  series 
o f  k = 300,000 : 100,000 ; 30,000 : 10,000 : 3,000 : 1,000 

which a r e  p r o b a b l y  the e x p e c t e d  v a l u e s  and not the r e a l  ones. 

In the best c a s e ,  the s u p p l i e r  g i v e s  a d d i t i o n a l  i n f o r m a t i o n  a s  

for  the 100,000 p o l y m e t h y l m e t h a c r y l a t e  s tandard  whose l a b e l  i s  : 

Elkr = 100,000 ; b = 77,000 : ik/& 1.07 

A f t e r  measurement,  we  found t h a t  the b v a l u e  was o b v i o u s l y  wrong. 

The r e l i a b i l i t y  of p o l y s t y r e n e  s tandards r e c e n t l y  i n c r e a s e d ,  

and some o f  t h e m  can now be purchased w i t h  a c e r t i f i c a t e  p r o v i d i n g  

the d i f f e r e n t  average  m l e c u l a r  w e i g h t s .  However, w e  noticed some 

d i f f i c u l t i e s  i n  the u s e  o f  these v a l u e s .  For example ,  number 

average mo lecu lar  w e i g h t  can be g r e a t e r  than the correspond ing  

viscometric average m o l e c u l a r  w e i g h t .  Anyway, the peak m o l e c u l a r  

we igh t  ob ta ined  b y  GPC seems t o  be the most r e l i a b l e  v a l u e  o f  

these c e r t i f i c a t e s .  
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disrolut ion 

A apparent 

6 1 hour 

C 3 hourr 

1641 

rn M, 

97,000 220,000 

65,000 130,000 

40,000 100,000 

Sample d i s s o l u t i o n  

In sane  c a s e s ,  samples  a r e  not c o m p l e t e l y  d i s s o l v e d  a l t h o u g h  

the c l a r i t y  o f  the s o l u t i o n  b e f o r e  f i l t r a t i o n  i s  good. As a 

r e s u l t ,  the chromatogram i s  o b v i o u s l y  s h i f t e d  towards l o w  m o l e c u l a r  

w e i g h t s .  In a d d i t i o n ,  when u s i n g  u n i v e r s a l  c a l i b r a t i o n  ( [ r l ] . M )  

w i t h  a viscometric d e t e c t o r ,  the intrinsic v i s c o s i t y  v a l u e  o f  the 

whole sample i s  underes t ima ted  and,  accord ing1  y, i t s  m o l e c u l a r  

we igh t  i s  o v e r e s t i m a t e d .  The error on the i n j e c t e d  sample amount 

i s  d i r e c t l y  connected w i t h  the error on m o l e c u l a r  w e i g h t .  F i g u r e  1 

r e p r e s e n t s  the c h r m a t o g r a m s  and the apparen t  m o l e c u l a r  w e i g h t s  

of a c e l l u l o s e  n i t r a t e  sample f o r  d i f f e r e n t  d i s s o l u t i o n  t i m e s .  

The THF/polymer m i x t u r e  rap id1  y appears  t o  be a c l e a r  s o l u t i o n .  

solvent THF 30' 

F i g u r e  1 

V a r i a t i o n s  of chromatograms and apparen t  m o l e c u l a r  w e i g h t s  a t  dif- 
ferent d i s s o l u t i o n  t i m e s  for a c e l l u l o s e  n i t r a t e  sample i n  THF. 
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1642 LETOT, LESEC, AND QUIVORON 

Af ter  membrane f i l t r a t i o n ,  i t  i s  i n j e c t e d  and nevertheless l e a d s  

t o  molecu lar  we igh t  v a l u e s  t h a t  d r a m a t i c a l l y  depend upon d i s s o l u t i o n  

t i m e .  I t  i s  t h e r e f o r e  i m p o r t a n t  t o  a v o i d  t h i s  phenomenon and t o  p r e -  

p a r e  polymer s o l u t i o n s  v e r y  c a r e f u l l y .  A good way, m igh t  appear t o  be 

the u s e  o f  an  u l t r a s o n i c  bath,  which would g r e a t l y  r educe  d i s s o l u -  

t ion t i m e .  However, some a u t h o r s  r e p o r t  risks o f  d e g r a d a t i o n  b y  

c h a i n  b r e a k i n g .  W e  performed ( 2 )  GPC a n a l y s i s  o f  a p o l y b u t a d i e n e  

sample s o l u t i o n  ( i w  a 300,000) a f t e r  d i f f e r e n t  e x p o s u r e  times 

( 1 0  m i n u t e s  t o  6 h o u r s )  i n  an u l t r a s o n i c  b a t h  ( ISOW) and we d i d  

not notice any  s i g n i f i c a n t  v a r i a t i o n  of the d i s t r i b u t i o n  c u r v e .  

The same h o l d s  t r u e  w i t h  p o l y s t y r e n e  samples  whose m o l e c u l a r  

w e i g h t s  a r e  s m a l l e r  t h a n  300,000. B u t ,  f o r  h i g h e r  m o l e c u l a r  w e i g h t  

p o l y s t y r e n e  samples ,  w e  observed a s h i f t i n g  down o f  m o l e c u l a r  

we igh t  v a l u e s  ; the l o n g e r  the e x p o s u r e  t i m e  i n  the u l t r a s o n i c  

b a t h ,  the more d r a m a t i c  the e f fec t .  A c h a i n  d e g r a d a t i o n  o b v i o u s l y  

o c c u r s  t h a t  p r o h i b i t s  the u s e  o f  the u l t r a s o n i c  b a t h  for  h i g h  

mo lecu lar  we igh t  polymer d i s s o l u t i o n .  
T h i s  e f f e c t  was observed  w i t h  p o l y s t y r e n e  s t a n d a r d s ,  a s  

shown i n  Tab le  2 i n  which we compare the e l u t i o n  volume v a l u e s  

Of s o l u t i o n s  a t  a c o n c e n t r a t i o n  o f  .I25 5 .  A v a l u e s  were o b t a i n e d  

v i a  a c l a s s i c a l  d issolut ion and B v a l u s  v i a  an  u l t r a s o n i c  d i s s o l u -  

t i o n  i the h i g h e r  the m o l e c u l a r  w e i g h t ,  the s t ronge :  the e f f e c t .  

Sample i n j e c t i o n  

As the u s e  of a v i s c o m e t e r  r e q u i r e s  a p r e c i s e  knowledge of 

the i n j e c t e d  sample amounts,  the p r e s e n c e  o f  non- so lub le  p a r t s  

such a s  m i c r o g e l s  i n  po lymers  p r e s e n t s  a problem.  B e s i d e s ,  wnen 

Molecular  w e i g h t s  : 650,000 1,200,000 2,700,000 3,800,000 

E l u t i o n  volume A : 29.15 27.50 26.45 2 6 . 2 0  

E l u t i o n  volume B : 29.35 30.25 30 .30  31.55 
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ERRORS IN 'IWUTMEN'T OF GPC DATA 1643 

the inject ion i s  not achieved under perfect  conditions, peak 
broadening with a skewed t a i l  may occur. Figure 2 gives three 

consecutive inject ions o f  a mixture of two polystyrene standards 

and shows peak deformation leading t o  incorrect va lues ,  part i -  

c u l a r l y  f o r  number-average molecular w e i g h t s  and polydispersit ies ; 

t h i s  occurs when an injector  has gradually been plugged.  The 

inject ion s y s t e m  must  accordingly be v e r y  careful ly  checked t o  

avoid these drawbacks. 

Influence o f  solute  concentration 

The dependance o f  elution volumes on solute concentration 

i s  one o f  the most important sources o f  errors i n  modern GPC. 

This phenomenon, i n  connection with the e f f e c t  o f  solution 

viscosi ty ,  i s  therefore dependent upon both polymer molecular 

weight and polymer concentration. I t  should then be more exact 

t o  re f e r  t o  segment density,  since the experimental observation 

is achieved b y  varying the amount o f  injected polymer and not 

the mole number. Increasing sample concentration leads to  increasing 

elution volume (6) and distorted chromatographic p e a k s  with 

skewed fronts .  Moore (7 )  explained t h i s  dis tort ion by overloading 

viscosi ty  e f f e c t s  and Rudin ( 8 )  showed, theoretically,  that 

hydrodynamic volume depends upon the solute concentration ; t h i s  

i s  i n  good agreement w i t h  GPC experiments performed i n  theta 

solvents (9) where concentration e f f e c t s  are negligible.  The 

influence o f  sample viscosi ty  on the s h i f t  o f  chromatographic peaks 

was likewise studied by Janca (10-11) .  

This e f f e c t  i s  shown i n  Muure 3 ,  where chromatoqrams o f  a 
polystyrene standard (Mw = 655,0001 are obtained a t  four d i f ferent  

concentrations (2). W e  can observe a peak s h i f t  towards high e lu -  

tion volumes when sample concentration increases and a peak dis tor-  

t ion w i t h  a skewed front  connected w i t h  non-equilibrium mass 
transfer .  This resu l t s  i n  d r a s t i c  errors on measured molecular 

weights as shown i n  Table 3 f o r  a polystyrene standard (k = 830,000) 

and a calibration achieved w i t h  the same standard a t  a concentration 

o f  0.0625 t. 
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1644 LETOT, LESEC, AND QUIVORON 

Figure 2 

Influence of an i n j e c t o r  malfunct ion on molecular  weight values 

fo r  a mixture of two p o l y s t y r e n e  s tandards  i n  THF. 
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4 p-styragol columns 
T H F  30°c - Zml/mn 
PolYstyrono standmd 

injoction loop:1)8Opl 

"(4 
27 21) 29  30 31 3 2  33  3 4  35 

F i g u r e  3 

I n f l u e n c e  o f  sample concentration on e l u t i o n  volume and peak  shape .  

Sample : p o l y s t y r e n e  s tandard  655,000.  I n j e c t i o n  volume 860 ul. 
Columns : u - s t y r a y e l  10 A ,  10 A ,  10 A and 10 A .  THF : 2ml/mn. 30 40 50 6O 

TABLE 3 

c ( g / 1 0 0 m l )  : 0.0625 0.125 0.25 0.5 

E 
- 

: 749,000 663,000 520,030 443,000 

MW : 839,000 742,000 676,000 513,000 

i w / i n  : 1.12 1.12 1.13 1.16 

- 
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1646 LETOT, LESEC, AND QUIVORON 

I t  i s  obvious that correct molecular weights are found for the 

sane concentrations a t  which calibrations were performed, but errors 

can reach 50 % when concentrations used are d i f f e ren t .  With modern 

columns (particle s i ze  = lop), this  e f f e c t  i s  negligible below 

M % 10 

dramatic above 10 . I t  i s  impossible to  avo id  t h i s  problem completely 

and the o n l y  solution i s  t o  correct it a s  we w i l l  show la ter .  

4 but affecfsmeasuranents i n  the range of l o 5  and becomes 
6 

Peak broadening 

The f inal  t y p i c a l  chromatographic error i s  peak broadening 

due to axial dispersion, which occurs mainly in  the columns and 

which i s  directly related t o  their e f f ic iency .  We w i l l  discuss 

i t s  correction later  ; since ikcdecreases when the column e f f ic iency  

increases, i t  i s  not unreasonable to  think that t h i s  e f f e c t  may 

become negligible i n  the future when more e f f i c i e n t  columns are 

available. 

A loop injector also produces peak broadening when the loop 

volume i s  too large b u t  t h i s  e f f e c t  can be corrected in  the same 

time as axial dispersion i n  columns. 

- DATA TREATMENT ERRORS 

Data treatment errors arise when the calculation method does 

not take into account experimental peak distortions and does not 

include their corrections. The main corrections are connected 

with solute concentration, axial dispersion and hydrodynamic 

volume. 

Solute concentration correction 

A s  mentioned above, elution volumes depend upon solute con- 
centration. Some corrections have been proposed t o  take th i s  

e f f e c t  into account. The use o f  a theta solvent, suggested by 

Kato ( 1 2 1 ,  i s  very d i f f i c u l t  to  a p p l y  practically. Extrapolation 

to  zero requires several injections a t  d i f ferent  concentrations 

( 1 3 )  and a calibration curve extrapolated t o  zero a s  well ( 1 4 1 .  

A multiple calibration curve method was originally proposed by 
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ERRORS IN TREATMENT OF GPC DATA 1647 

Mori ( 1 5 )  who used  a calibration curve se t  obtained a t  d i f f e ren t  
concentrations. 

W e  have proposed (2-3) a correction method w h i c h  consists 
i n  giving an analytical form t o  the observed e f f e c t .  A t  a 
given concentration, the calibration curve can be expressed b y  

a t h i r d  degree polynomial : 

L o g M = A O + A l  V + A  V 2 + A 3 $  
2 

where V i s  the elut ion volume. By varying the solute concentration, 
d i f f e ren t  calibration curves w i t h  the ir  proper coe f f ic ien ts  Ai can 
be obtained. B u t ,  it i s  possible t o  deduce the variation l a w  o f  
each coe f f ic ien t  under the form o f  a t h i r d  degree polynomial : 

.. 
A ( c )  = B + B1 c + B 2  C L  + B j  C' 

0 

where c i s  the solute concentration. We arrive a t  a general c a l i b r a -  

t ion equation : 

3 
Log M = Aolc) i A I ( c )  V 4 A2(c)  ? + A 3 ( c )  V 

This expression corresponds t o  an i n f i n i t e  number o f  calibration 
curves defined b y  a 16 coe f f ic ien t  matrix. Some o f  these curves 
are represented i n  Figure 4 .  For d a t a  treatment, the r i g h t  ca l i -  
bration curve i s  determined f o r  each point v ia  the corresponding 
concentration given b y  the refractometer. This method obviously 
requires a s igni f icant ly  involved calculation, b u t  provides 

excellent resul ts  ( 2 , 1 6 ) .  

Axial dispersion correction 
Many methods have been proposed t o  correct axial dispersion 

whose variation ( 1 7  i s  generally assumed t o  be gaussian (IS), but 
each o f  them : Fourier transform 1191, polynomial methods ( 1 7 , 2 0 )  

or minimization method (21  1 ,  requires important computation 
treatments and does not provide very rel iable  resu l t s .  A simple 
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1648 LETOT, LESEC, ANI) QUIVORON 

I 00 M= A, (c) +A, (c) v + A, (c) v'+ n,(c) V' 

Figure  4 

C a l i b r a t i o n  c u r v e s  l o g  M = f ( V )  for a u - s t y r a g e l  column set 
3"  4 0  50 6 "  (10  A ,  10 A ,  10 A and 10 A )  w i t h  d i f f e r e n t  s o l u t e  c o n c e n t r a t i o n s .  

THF : Zml/mn. 

method, based upon a gauss ian  d i s p e r s i o n  f u n c t i o n ,  was r e c e n t l y  

p u b l i s h e d  b y  Marais  ( 2 2 )  who proposed a s i m p l e  e x p r e s s i o n  for the 

d i f f e r e n t  average  m o l e c u l a r  w e i g h t s  of each  f r a c t i o n  : 

"yai = f o r  0 = - 1 ,  Gvi for 8 = a, Gwi for B = 1 )  where T = a/a, n i  
w i t h  a = standard d e v i a t i o n  of the g a u s s i a n  d i s p e r s i o n  f u n c t i o n ,  

a - s l o p e  of the c a l i b r a t i o n  c u r v e ,  CILog M )  - real p l y d i s p e r s i t y  
c u r v e  and C'(Log MI, i t s  d e r i v a t i v e .  As the r a t i o  C ' ILog  M)/C(Log M) 

i s  unknown, it can be approx imate l y  expressed  th rough  H ' I V ) / H ( V )  = 
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ERRORS IN TREATMENT OF GPC DATA 1649 

r a t i o  o f  the d e r i v a t i v e  o f  the e x p e r i m e n t a l  chromatogram t o  the 
c h r m a t o g r a m  i t s e l f .  Polymer average  m o l e c u l a r  w e i g h t s  are then 
o b t a i n e d  b y  summation o f  the d i f f e r e n t  averages  RBi. Parameter T 

h a s  j u s t  o t  be determined th roughou t  the chromatogram b y  Water s '  

r e c y c l e  method (23) (see F i g u r e  5 1 ,  which l e a d s  a l s o  to  a p r e c i s e  

d e t e r m i n a t i o n  o f  the standard p o l y d i s p e r s i t y  ( 2 4 ) .  In the case o f  

h i g h  e f f i c i e n c y  columns,  wa have n o t i c e d  t h a t  the f i r s t  p o i n t  (see 
F igure  5 )  i s  not l o c a t e d  a s  the others on the same s t r a i g h t  l ine 
(2-31, since s o l u t e  d o e s  not pass t h rough  the pump i n  the f i r s t  

c y c l e .  T h i s  d i s t i n c t i o n  a l lowed  u s  t o  d e t e r m i n e  both the s tandard  

d e v i a t i o n s  o f  the broaden ings  i n  columns and i n  the pump. In Figu-  

re 6, v a r i a t i o n s  of a and z coefficients are p l o t t e d  a s  functions 
o f  e l u t i o n  volume f o r  a p-Styragel  column set. 

2 

2 Uc*l 
N 

0.8 I 
L-. - - -  
1 +oz,,i.ldiffusion N (numbor of cycks) 

1 2 3 4 5 6 1 I D 

Figure  5 

R e c y c l i n g  method of column a x i a l  d i s p e r s i o n  c a l i b r a t i o n  and 

a b s o l u t e  p o l y d i s p e r s i t y  d e t e r m i n a t i o n .  
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1650 LETOT, LESEC, AND QUIVORON 

e 

0.8 

0.6 

0.4 

0.2 

t= 

1.04 

1.03 

1.0 2 

1.01 

. V.ml 
3 0  32  34 36 38 40 4 2  

F i g u r e  6 

V a r i a t i o n s  o f  a x i a l  d i s p e r s i o n '  p a r a m e t e r s  3s a funct ion of e l u t i o n  
2 u* volume : u : ,- T 3 -2 : 1. 

3 e  4 0  P o  6 O  u - s t y r a g e l  10  A, 10 A ,  10 A and 10 A .  THF : Zml/mn. 

Hydrodynamic wl ume correction 

A c u r r e n t  method t o  a p p l y  the Benoit hydrodynamic  vo lume  con- 

c e p t  i s  to  u s e  the " u n i v e r s a l "  c a l i b r a t i o n  curve b y  means o f  the 

Cn1.M p r o d u c t  ( 2 5 ) .  T h i s  calibration was  w i d e l y  a c c e p t e d  and used  

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

a s y s t e m a t i c  error, a s  shown i n  T a b l e  4 ,  where  we compare the p o l y -  

d i s p e r s i t y  v a l u e s  o f  a p o l y s t y r e n e  s t a n d a r d  (I.! = 110,000)  o b t a i n e d  

w i t h  and without a x i a l  d i s p e r s i o n  correction and c a l c u l a t e d  either 
v i a  a c l a s s i c a l  p o l y s t y r e n e  c a l i b r a t i o n  or v i a  a u n i v e r s a l  c a l i -  

b r a t i o n .  

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

c l a s s i c a l  and u n i v e r s a l  c a l i b r a t i o n s .  T h i s  d i s c r e p a n c y  c a n  be 

e x p l a i n e d  from the a x i a l  d i s p e r s i o n  e f f e c t  on the d u a l  r e f r a c t o m e t e r -  
v i s c o m e t e r  detection ( 2 - 3 1 .  We h a v e  r e p r e s e n t e d ,  in  F i g u r e  7 ,  the 
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Axial  d i s p e r s i o n  

Correc t ion  

NO 

YES 

TABLE 4 

Polys tyrene  

C a l i b r a t i o n  

d - 1 . 0 7  

d = 1.03 

1651 

Uni versa1  

C a l i b r a t i o n  

d = 1.20 

d = 1 . 0 7  

Figure 7 

Calcula t ion  of molecular weight  through universa l  c a l i b r a t i o n  c u r v e .  
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1652 LETOT, LESEC, AND QUIVORON 

u n i v e r s a l  c a l i b r a t i o n  c u r v e  Log[n].M = f ( V e )  and a p o l y m e r / s o l v e n t  

v i s c o s i t y  l aw  f r o m  the v i s c o m e t e r  L o g [ n ]  = g ( V e ) .  A t  each p o i n t ,  

W v a l u e  i s  o b t a i n e d  b y  d i v i d i n g  Cn1.M b y  the c o r r e s p o n d i n g  [ n ] .  
T h e  c a l c u l a t i o n  i s  most v a l i d  a t  the peak apex b u t  i n t r o d u c e s  an  

error a t  the peak extremities where [ n ] . M  v a l u e s  g i v e n  b y  the 

u n i v e r s a l  c a l i b r a t i o n  curve are wrong on accoun t  o f  a x i a l  d i s p e r s i o n  i 

v i s c o m e t r y  p r o v i d e s  correct v a l u e s  o f  [ q ]  .The c a l c u l a t e d  M i s  there- 
fore o v e r e s t i m a t e d  on the h i g h  m o l e c u l a r  w e i g h t  s i d e  and underes t ima-  

t e d  on the l o w  molecu lar  w e i g h t  s i d e  and,  c o n s e q u e n t l y ,  the sample 

p o l y d i s p e r s i t y  i s  o v e r e s t i m a t e d ,  a s  shown in  T a b l e  4 .  T h e  same h o l d s  

t r u e  when an a x i a l  d i s p e r s i o n  c o r r e c t i o n  i s  a p p l i e d  t o  m o l e c u l a r  

w e i g h t s  (2-3). 

If [ n ] ' i . M ' i  i s  the e x p e r i m e n t a l  hydrodynamic volume and [ n ]  ,.Mi 
1 

the correct v a l u e  : 

[ n ] ' i - M ' i  [qli.Mi + d([,Ii.Mil 

the c a l c u l a t e d  v a l u e  o f  m o l e c u l a r  we igh t  M" i s  therefore : i 

and u s i n g  the Mark-Houwink r e l a t i o n s h i p  : [TI] = KMa : 
M"i * Mi + ( 1  + a )  dMi 

As the a x i a l  d i s p e r s i o n  c o r r e c t i o n  dM i s  a c t u a l l y  a p p l i e d  to  i 
molecu lar  w e i g h t s  ( b u t  not to hydrodynamic v o l u m e s ) ,  this correction 
i s  comple t e  w i t h  a p o l y s t y r e n e  c a l i b r a t i o n  ( M "  

only p a r t i a l  w i t h  the u n i v e r s a l  c a l i b r a t i o n ,  f o r  the adMi term 
not taken into accoun t .  

= Mi + dMil, b u t  
i s  

To avo id  th i s  drawback i n  the u s e  of the hydrodynamic volume 

c o n c e p t ,  we have  proposed a d o p t i o n  o f  the f o l l o w i n g  method.  In a 

f i r s t  s t e p ,  average  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  w i t h  a poly- 
s t y r e n e  c a l i b r a t i o n  i n c l u d i n g  a x i a l  d i s p e r s i o n  c o r r e c t i o n  and a r e  - 
a c c o r d i n g l y  e x p r e s s e d  in p o l y s t y r e n e  u n i t s  (4 i M 1 .  nps' vps' wps 
In a second s t e p ,  hydrodynamic volume correction i s  performed b y  

w r i t i f q  the equalit ies of the sample and p o l y s t y r e n e  hydrodynamic 
volumes a t  in, Ev and iw v a l u e s ,  a s  shown in  F igure  8 : 
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I 1 I 
V 

Figure 8 

P r i n c i p l e  of average molecular  weight  c a l c u l a t i o n  through p o l y s t y r e n e  

c a l i b r a t i o n  and sample v i s c o s i t y  l a w .  
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iw . r n G w  -1 i . rrl 1- 
Wps PS Mw 

T h i s  sample method o n l y  requires a k n o w l e d g e  of the visco- 

s i t y  l a w  for p o l y s t y r e n e  in  THF and the measurement of the 

s a m p l e  v i s c o s i t y  l a w  t h a t  r e s p e c t i v e l y  a l lows  the d e t e r m i n a t i o n  

of [n 1- and In]; values  a t  the e lu t ion  volume c o r r e s p o n d i n g  

t o  M and the same &r the other molecular w e i g h t s .  E x c e l l e n t  n 
results have been o b t a i n e d  w i t h  t h i s  me thod  ( 2 )  and w i l l  be 

s h o r t l y  p u b l i s h e d  i n  this J o u r n a l  ( 1 6 ) .  

- p= Mn 
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