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MEASUREMENT OF THE DEAD VOLUME BE TWEEN CONCURRENT DETECTORS 
I N  GEL PERMEATION CHROMATOGRAPHY 
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L a b o r a t o i r e  d e  P h y s i c o - C h i m i e  d e s  P o l y m 6 r e s  (C.N.R.S.-L.A. 2 7 8 )  
U n i v e r s i t e  P i e r r e  e t  Marie C u r i e  ( P a r i s  V I )  

E . S . P . C . I .  - 10, r u e  V a u q u e l i n  - 75231 P a r i s  C e d e x  05 - F r a n c e  

ABSTRACT 

M u l t i p l e  d e t e c t i o n  of  g e l  penneat ion chromatography 
e f f l u e n t  i s  going t o  become a r o u t i n e  way of polymer charac-  
t e r i z a t i o n  i n  most l a b o r a t o r i e s .  It i s  then necessary  t o  g i v e  
a t t e n t i o n  t o  t h e  dead volume connect ing t h e  c e l l s  of  concurren t  
d e t e c t o r s .  I f  n e g l e c t e d ,  cons iderable  e r r o r s  may occur  i n  d a t a  
handl ing .  

I t  f i r s t l y  concerns t h e  coupl ing of  a h i g h  p r e s s u r e  g e l  permeat ion 
chromatograph and t h e  “0uano”-type cont inuous v iscometer ,  b u t  i t s  
genera l  u t i l i t y  i s  demonstrated. The main conclus ion  i s  t h a t  t h e  
geometric e s t i m a t e  o f  t h e  dead volume i s  n o t  s u i t a b l e ,  evenwhen an 
accura te  c a l c u l a t i o n  i s  p o s s i b l e .  The method we  d e s c r i b e  h e r e  l e a d s  
t o  an exper imenta l  dead volume. I t  i s  g r e a t e r  than  t h e  geometr ic  
one ( a s  t h e o r e t i c a l l y  proved r e c e n t l y )  b u t  i t  g i v e s  t h e  b e s t  
r e s u l t s .  

We r e p o r t ,  i n  t h i s  paper ,  a method of  dead volume measurement. 

INTRODUCTION 

With t h e  i n c r e a s i n g  u s e  o f  G e l  Pe,nneation Chromatography 

(GPC) a s  a c h a r a c t e r i z a t i o n  t o o l  f o r  complex polymeric samples ,  

a f a s t  development i n  dua l  d e t e c t i o n  techniques  f o r  t h e  e f f l u e n t  

i s  observed.  Indeed, i t  has  been known f o r  a long  t ime,  except  f o r  

l i n e a r  homopolymers, t h a t  t h e  s i z e  e x c l u s i o n  mechanism does n o t  

l e a d  t o  t h e  s e p a r a t i o n  of macromolecules accord ing  t o  t h e i r  
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2228 LECACHEUX AND LESEC 

molecular  weights .  A s  a r e s u l t ,  t h e  response of  a s i n g l e  concentra-  

t i o n  d e t e c t o r  i s  o f t e n  inadequate t o  g ive  r e l i a b l e  average molecular  

weights .  For t h e  a n a l y s i s  of copolymers w i t h  v a r i a b l e  composi t ion,  

the  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  (DR1)-UV d e t e c t o r  coupl ing i s  p a r t i -  

c u l a r l y  used (see  t h e  review of Janca ( I ) ) .  On another  hand, t h e  

Benoi t ' s  u n i v e r s a l  parameter  [n].M as a c a l i b r a t i o n  concept  ( 2 )  

r e q u i r e s  t h e  f i t t i n g  of GPC w i t h  a molecular  s i z e  d e t e c t i o n ,  i .e .  

v i s c o m e t r y  ( 3 - 4 )  o r  l i g h t  s c a t t e r i n g  (5-6) .  But t ill  now, t h e  

two d e t e c t i o n s  have never  been performed i n  a s i n g l e  c e l l .  Conse- 

q u e n t l y ,  accura te  d a t a  t reatment  r e q u i r e s  t h e  knowledge of t h e  

connect ing dead volume, A V ,  between d e t e c t o r s  s o  t h a t  any p a i r  of 

experimental  p o i n t s  r e a l l y  corresponds t o  t h e  same s p e c i e s .  

From t h e  s tudy  ofBruessau ( 7 ) ,  t h e  geometr ic  d e t e r m i n a t i o n  

of the  AV va lue  l e a d s  t o  u n s a t i s f a c t o r y  r e s u l t s ,  because changes 

occur  i n  the  peak shape during t r a n s f e r  form one c e l l  t o  t h e  o t h e r .  

That i s  why t h i s  au thor  recommends a method which i s  s u i t a b l e  t o  

t h e  p a r t i c u l a r  c a s e  of two c o n c e n t r a t i o n  d e t e c t o r s  (DRI and UV f o r  

i n s t a n c e ) .  According t o  Cantow (8) ,  t h e  a n a l y s i s  of homopolymers 

under such c o n d i t i o n s  g ives  two s i m i l a r  chromatograms, one of  them 

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

t h e  a b s c i s s a .  The r e s u l t i n g  AV v a l u e  i s  v a l i d  f o r  f u r t h e r  c a l c u l a -  

t i o n s .  Never the less ,  t h i s  method i s  presented  a s  i n v a l i d  i n  a 

concent ra t ion  d e t e c t o r m o l e c u l a r  s i z e  d e t e c t o r  coupl ing s i n c e  t h e r e  

i s  no s p e c i f i c  case where t h e  two responses  are p r o p o r t i o n a l .  

I n  t h e  l a b o r a t o r y ,  w e  have been dea l ing  f o r  a few y e a r s  ( 9 )  

with t h e  coupl ing of  a high p r e s s u r e  GPC and an"0uano"-type 

cont inuous viscometer  (10) .  Such a system enables  one t o  r a p i d l y  

c h a r a c t e r i z e  v a r i o u s  macromolecular samples ( I I ) ,  even a t  h igh  

temperatures ,  as r e c e n t l y  proved ( 1 2 ) .  But ,  t h e  accuracy of t h e  

r e s u l t s  ( e s p e c i a l l y  t h e  v i s c o s i t y  l a m )  i s  dependent on t h e  AV 

v a l u e .  For t h i s  reason ,  w e  have improved t h e  above descr ibed  

method of AV measurement f o r  t h e  c o n c e n t r a t i o n  de tec tor -molecular  

s i z e  d e t e c t o r  coupl ing .  
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v i s c o m e t r i c  d e t e c t o r  

P o i s e u i l l e ' s  l a w .  I t s  p r i n c i p l e  has  been 

i s  a n  a p p l i c a t i o n  of t h e  

p r e v i o u s l y  d e s c r i b e d  (10-11). 

Assuming laminar  flow through a c a p i l l a r y  t u b e ,  we can employ t h e  

fo l lowing  r e l a t i o n s h i p  : 

with  - P : p r e s s u r e  drop of t h e  f l u i d  

- Q : f low rate  

-1 , r  : l e n g t h  and r a d i u s  of t h e  c a p i l l a r y  tube 

- n : a b s o l u t e  v i s c o s i t y .  

Accordinglnthe cont inuous p r e s s u r e  drop measurement ( b e s i d e s  

t h e  c o n c e n t r a t i o n ,  C ,  d e t e c t i o n )  enables  t h e  de te rmina t ion  of 

the  i n t r i n s i c  v i s c o s i t y  [ n ]  a long  w i t h  t h e  e l u t i o n  volume ( f o r  

very  low C va lues)  : 

1 P  [ n ]  = c I n  - 

where s u b s c r i p ,  0 ,  r e f e r s  t o  pure s o l v e n t .  

A scheme of t h e  appara tus  i s  g iven  i n  F igure  1 .  A s t a i n l e s s  

s t e e l  c a p i l l a r y  tube i s  i n s e r t e d  between t h e  column set  and t h e  

r e f r a c t o m e t e r  (Waters R 401) .  Two p r e s s u r e  t r a n s d u c e r s  CMAC 5 

(Sedeme, 1 1 ,  rue  Simonet - F-75013 PARIS), performing t h e  d i f f e -  

r e n t i a l  measurement of  t h e  p r e s s u r e  drop,  a r e  connected by "T" 

f i t t i n g i n t o  t h e  system. I f  i t  i s  necessary  t o  s e l e c t  t h e  v isco-  

meter  l e n g t h  over  a wide range,  i t  is  important  t o  recognize  t h a t  

t h e  i n n e r  diameter  o f  t h e  commercially a v a i l a b l e  9/1,000-inch 

c a p i l l a r y  f l u c t u a t e s  g r e a t l y .  By measuring t h e  p r e s s u r e  drops  

through s e v e r a l  c a p i l l a r i e s  wi th  equal  l e n g t h s ,  we observed 
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2230 LECACHEUX AND LESEC 

amplifier data treatment 

pressure 
transducer 

column set \ 

'// 

t hermostated If 
water bath 

RI 

capillary viscometer 

waste 

F i g u r e  1 : Scheme o f  t h e  a p p a r a t u s .  

l a r g e  d i s c r e p a n c i e s ,  t h e  r a t i o  between t h e  extremes be ing  about  

3. P o i s e u i l l e ' s  law l e a d s  t o  t h e  fo l lowing  range : 

0.10 < r < 0.14 m 

Thus, t h e  cont inuous viscosmeter  i s  r e q u i r e d  f o r  a p r e c i s e  

measurement of t h e  c a p i l l a r y  r a d i u s .  I f  n o t ,  e r r o r s  i n  t h e  

geometr ic  de te rmina t ion  of dead volumes may b e  a s  l a r g e  as 100%. 

For our  purpose,  we  have chosen a c a p i l l a r y  w i t h  r = 0.135 mm 

and 1 = 3m. The d i f f e r e n c e  between t h e  coupl ing of two d e t e c t o r s  

wi th  c e l l s  of  n e g l i g i b l e  volume (I) and t h e  p a r t i c u l a r  c a s e  of 

DRI-continuous viscometer  (11) i s  shown i n  F igure  2 .  For  t h e  

l a t t e r ,  t h e  AV v a l u e  i s  the  sum of  two terms : t h e  dead volume 

of  connect ing c a p i l l a r i e s  and h a l f  t h e  volume of t h e  v iscometer  

i t s e l f .  From t h e  P o i s e u i l l e ' s  l a w ,  w e  deduced t h e  geometr ic  e s t i -  

mate : 

AVG .̂ 0 .15  m l  
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column set 
I 

I I 
q- A V 4  

1 I - 1 column set 
I 

I/ A V \ I  

Figure 2 : Difference between the coupling of two detectors with 
cells of negligible volume (1) and the DRI-continuous 

viscometer coupling (2). 

Routinely, experiments were run under the 

Solvent : THF ; Flow rate : lml/mn ; 
Column set : 4 l~ styragel 10 , 10 , 3 4  

following conditions : 

Temperature : 3OoC. 
5 6 '  0 and 10 A 

The apparatus was equipped with a system of automatic recor- 
ding, data treatment and graphic output (12) whose performances 
are demonstrated in Figure 3 ,  4 and 5 with a polyurethane sample. 
After smoothing of the chromatograms (Figure 3 ) ,  the viscosity 
law was deduced from universal calibration (Figure 4 )  as well as 
the molecular weight distribution shown in Figure 5. In this 
case, we obtained : 

Mn = 37,000 

iw = 58,000 

[TI] = 109 ml/g 
a = 0.68 (Mark-Houwink exponent) 
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2232 LECACHEUX AND LESEC 

Refractometer Viscometer 

30 36 34 32 30 

Figure 3 : Polyurethane sample : refractometric and viscometric 

2.5 

2.0 

1.5 

responses. 

log I l l  

* /  
*/ */ 

/ 
log M 

1 I I 

4.0 4.5 5.0 

Figure 4 : The experimental Mark-Houwink relationship. 
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DEAD VOLUME BETWEEN CONCURRENT DETECTORS 2233 

3 4 5 6 

Figure 5 : The molecular weight distribution. 

The above mentioned values are linked t o  a certain AV.  But before 

describing the method which provides this AV value, we will demons- 

trate, using a simple model, that a good accuracy is required. 

DISCUSSION 

From a theoretical viewpoint, we will assume, a column set 

with a linear calibration curve of molecular weight, M, versus 

the elution volume, V : 

l n M = a -  

Let us consider 

distribution of 

w (In M) = 

bV 

a macromolecular sample with a molecular weight 

the Wesslau type : 

1 1 - BJ7; exp (- - In2 
M 

8* P 
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2234 LECACHEUX AND LESEC 

M is the peak molecular weight with peak elution volume V and 

B is a function of polydispersity I : 
P P 

The viscosity law for this sample is : [ n l  = KM" 

Using the following notations : 

C ( V )  concentration chromatogram 

S ( V )  pressure drop chromatogram (S = P - Po> 

we obtain, after a few steps : 

b2 2 
C(V)  = Cm . exp (- 7 (V - Vp) ) 

6 

where Cm and Sm are the respective apexes of the two chromatograms. 

It appears, when the concentration chromatogram has a gaussian 

shape, that the pressure chromatogram has also a gaussian equation. 

The standard deviation is the same but the peak apex of the pres- 

sure drop curve is shifted towards lower elution volumes : 

(even if the two detections are performed in a single cell). 

Under routine conditions (a  = 0.7 and b .̂ 0 . 4 ) ,  we obtain : 

V - V' = 1.75 In I 
P P 

and, for instance V - V' = 1.2 ml for I = 2 .  
P P 

The above mentioned example for polyurethane is not very far 

from the Wesslau distribution and we can observe in Figure 3 that 
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DEAD VOLUME BETWEEN CONCURRENT DETECTORS 2235 

t h e  experimental  s h i f t  i s  i n  s a t i s f a c t o r y  agreement w i t h  t h e  

t h e o r e t i c a l  one. 

It 

e s t i m a t e  
a I n  I 

b 
too  h i g h  

- .  

s ,  t h e r e f o r e ,  easy t o  p r e d i c t  t h e  consequences o f  a bad 

of AV : it  l e a d s  t o  a wrong va lue  of  t h e  e x p r e s s i o n  

I f  AV i s  underest imated ( a s  when n e g l e c t e d ) ,  a w i l l  be  

and v i c e  v e r s a .  I n  a d d i t i o n ,  t h e  s m a l l e r  t h e  polydis -  

p e r s i t y  index,  t h e  more important  t h e  e r r o r s  become. 

Such r e s u l t s  can be  exper imenta l ly  confirmed w i t h  t h e  assis- 

tance  o f  a computer. By vary ing  t h e  AV v a l u e  i n  t h e  c a l c u l a t i o n s ,  

we obta ined ,  f o r  t h e  polyure thane  sample : 

- A V = O  :a % 0 . 8  

- AV c o r r e c t  :a 2 0 .7  

- A V x 2  :a % 0 .6  

w i t h  t h e  subsequent e r r o r s  i n  t h e  average molecular  weights .  

Consequently, i t  i s  v e r y  important  t o  use a r e l i a b l e  method o f  

AV measurement. 

DESCRIPTION OF THE METHOD 

The method we d e s c r i b e  i s  based on Cantow’s method (7), 
but  modif ied because of t h e  n a t u r e  of  s p e c i f i c  responses  o f  molecu- 

l a r  s i z e  d e t e c t o r s .  Their responses ,  indeed,  a r e  not  p r o p o r t i o n a l  

t o  t h e  c o n c e n t r a t i o n  but  a r e  p r o p o r t i o n a l  e i t h e r  t o  C . [ n ]  (v i sco-  

meter)  o r  C.M. (LALLS). The only way t o  c o n s i d e r  them a s  concen- 

t r a t i o n  d e t e c t o r s  is t o  avoid t h e  s i z e  e x c l u s i o n  mechanism so as 

t o  o b t a i n  two similar signals. In our  p a r t i c u l a r  c a s e  (DRI-visco- 

meter c o u p l i n g ) ,  t h e  f i r s t  t r i a l s  were performed by i n j e c t i n g  a 

polymeric  sample a f t e r  removing t h e  columns. But t h i s  method i s  

not s u i t a b l e ,  s i n c e  polymer e l u t i o n  i s  too  f a s t  and t h e  chroma- 

tograms a r e  very  d i s t o r t e d .  It i s  t h e r e f o r e  necessary  t o  keep a 

column se t  i n  t h e  system, b u t  one has  t o  select  low p o r o s i t y  
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2236 LECACHEUX AND LESEC 

viscometer 

ref rac tometer JJ 

Figure 6 : Underestimated shift volume. After linear regression, 
[ v ] ( V )  exhibits a negative slope. 

packings so that a high molecular weight polymer is totally 

excluded and axial dispersion is the only factor responsible 

for spreading area. Measurements were performed under the f o l -  

lowing experimental conditions : 

0 0 

- Column set : 2 p styragel (100 A and 500 A) 

- Solvent : THF ; Flow rate : lml/mn ; Temperature : 30°C 

- Sample : polystyrene standard gw = l o 6  (I < 1 . 1 )  

- Injected volume : loop1 ; Concentration 0.5% 

In order to precisely measure the dead volume in our system, 
about twenty injections were made. All parameters were kept 

constant, except the shift volume (converted in terms of delay 
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- 
AVe (mi  1 

I I 1 I I I I 

0.10 0.12 0.14 0.16 0.18 0.20 0.22 

Slope 
+ 5  

-10 - 
AVe (mi  1 

I I 1 I I I I 

0.10 0.12 0.14 0.16 0.18 0.20 0.22 

Figure  7 : The experimental  s h i f t  volume i s  t h e  a b s c i s s a  of t h e  

i n t e r c e p t .  

t i m e  i n  t h e  automatic  d u a l  d a t a  a c q u i s i t i o n  system) which w a s  

g r a d u a l l y  increased  i n  t h e  range of  t h e  geometr ic  e s t i m a t e .  In 
each c a s e ,  we p l o t t e d  t h e  apparent  i n t r i n s i c  v i s c o s i t y  

(with t h e  a l r e a d y  mentioned n o t a t i o n s )  versus  t h e  e l u t i o n  volume 

( s e e  F i g u r e  6 as an example). The s l o p e  i s  c a l c u l a t e d  i n  a r b i t r a r y  

u n i t s  u s i n g  a l i n e a r  r e g r e s s i o n  method. The exper imenta l  A V  v a l u e  

( A  VE). i s  def ined  by the  zero  s l o p e  : [ q ] ( V )  i s  c o n s t a n t  and equal  

t o  t h e  t r u e  i n t r i n s i c  v i s c o s i t y  [q]. The s l o p e  measurement i s  

r e l a t i v e l y  imprecise  b u t  a l i n e a r  r e g r e s s i o n  on s l o p e s  v e r s u s  s h i f t  

volume (shown i n  F igure  7)  enabled us  t o  reduce t h e  u n c e r t a i n t y  t o  

a few p e r c e n t .  I t  l e a d s  t o  : 

A VE = 0.18 m l  
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This  v a l u e ,  g r e a t e r  than  t h e  geometr ic  one (AVG = 0.15 ml), confirms 

t h e  r e c e n t  r e s u l t  of Bruessau ( 7 ) .  I n  a d d i t i o n ,  we compared t h e s e  

two va lues  a s  de lay  t ime f o r  t h e  d u a l  d a t a  a c q u i s i t i o n  i n  t h e  c a s e  

of r o u t i n e  experiments .  The use of  AV l e a d s  t o  c o r r e c t  v i sco-  

m e t r i c  r e s u l t s ,  when AV G 
t i c a l l y  overes t imated .  Both t h e s e  reasons  b r i n g  u s  t o  recommend 

t h e  use  of t h i s  method i n  p r e f e r e n c e  t o  t h e  geometr ic  e s t i m a t e .  

E 
g ives  Mark-Houwink exponents a systema- 

CONCLUSION 

The r e s u l t s  presented  i n  t h i s  paper  c l e a r l y  i n d i c a t e  t h a t  

t h e  s h i f t  volume between t h e  d e t e c t o r s  i n  DRI-viscometer coupl ing  

has  t o  be  c a r e f u l l y  taken  i n t o  account i n  t h e  t rea tment  of GPC 

d a t a .  Model s i m u l a t i o n  a s  w e l l  as exper imenta l  evidence confirm 

t h e  need f o r  good accuracy.  Therefore ,  w e  developed an easy  method 

of dead volume measurement, which can be  used f o r  any k ind  of 

GPC dual  d e t e c t i o n ,  b u t  i s  e s p e c i a l l y  adapted t o  a molecular  s i z e  

d e t e c t o r  (viscometer ,  LALLS) coupl ing .  The r e s u l t i n g  v a l u e  appears  

t o  lead t o  s a t i s f a c t o r y  r e s u l t s  i n  our system. Moreover, i t  i s  i n  

good agreement w i t h  a r e c e n t  t h e o r e t i c a l  model which shows t h a t  

t h e  geometr ical  estimate i s  s y s t e m a t i c a l l y  s m a l l e r  than  t h e  v a l u e  

t o  be used i n  the  d a t a  a c q u i s i t i o n ,  probably due t o  change i n  t h e  

peak shape dur ing  t r a n s f e r  between t h e  two d e t e c t o r s .  
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