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P R EPAR AT1 V E G EL PERM EAT I ON 
CHROMATOGRAPHY 

James Lesec 
Laboratoire de  Physico-Chemie Macromoleculaire de  

I’Universite Pierre e t  Marie Curie (Paris VI) 
associe au C.N.R.S. no278 

E.S.P.C.I. - 10, rue Vauquelin 
75231 Paris Cedex 05, France 

I .  INTRODUCTION 

This  Chapter i s  devoted t o  a p a r t i c u l a r  mode of l i q u i d  chro- 

matography : Gel Permeation Chromatography (C.P.C.). The f i e l d  of 

G . P . C .  mainly concerns polymers b u t  can a l s o  be a p p l i e d  t o  small  

o rganic  molecules where, as we w i l l  see  l a t e r ,  t h e  technique  i s  

more c l o s e l y  r e l a t e d  t o  c l a s s i c a l  l i q u i d  chromatography. 

Theprime d i f f e r e n c e  between polymers and small molecules  i s  

t h a t  a polymer is  not  a well-def ined spec ie .  It i s  comprised of  a 

mixture  of  macromolecules having d i f f e r e n t  l e n g t h s  (and, sometimes, 

shapes)  and c h a r a c t e r i z e d  by a molecular  weight d i s t r i b u t i o n  (M.W.D.). 

B u t  molecular  h e t e r o g e n e i t y  can be more important  when macromolecules 

a r e  branched : t h e  l e n g t h s  and t h e  p o s i t i o n s  of  branches a r e  genera l -  

l y  random. F i n a l l y ,  i n  t h e  case  of  copolymers, even t h e  chemical 

composition can vary  between macromolecules. Accordingly,  w e  genera l -  

l y  have complex mixtures  t h a t  cannot be t r e a t e d  a s  i n  c l a s s i c a l  
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l i q u i d  chromatography. S e p a r a t i o n s  w i l l  o n l y  o c c u r  on t h e  b a s i s  of  

ave rage  p r o p e r t i e s .  A s  t h e  mechanism of  GPC f r a c t i o n a t i o n  d i r e c t l y  

invo lves  molecu la r  s i z e  i n  s o l u t i o n ,  t h e  fundamental  parameter  is  

t h e  macromolecule hydrodynamic volume t h a t  l e a d s  t o  polymer f r a c t i o -  

n a t i o n  acco rd ing  t o  t h e  component s i z e s .  

H i s t o r i c a l l y ,  i t  i s  i n  t h e  u n i v e r s i t y  of  Uppsala (Sweden) i n  

1959 t h a t  t h e  t echn ique  appea red .  P o r a t h  and F l o d i n  ( I )  succeeded 

i n  f r n ( . t  i o n a t  in& h y d r o - s o l u b l e  polymers u s i n g  a packing made o f  

c ros s - l i nked  d e x t r a n  g e l .  T h i s  i s  t h e  r o o t  o f  t h e  Sephadex' f a m i l y  

(2 )  and t h e  t echn ique  of  Gel F i l t r a t i o n  Chromatography (G.F.C.) ( 3 ) ,  

s t i l l  widely used today by b iochemis t s .  These " s o f t  g e l "  packings 

o n l y  o p e r a t e  under low p r e s s u r e  and c h a r a c t e r i s t i c a l l y  i n v o l v e  v e r y  

long a n a l y s i s  t imes .  A second s t e p  was made i n  1962 by t h e  Dow 

Chemical Company, where Moore (4)  performed t h e  s e p a r a t i o n  of  orga-  

no-soluble  polymers on c r o s s - l i n k e d  p o l y s t y r e n e  g e l s .  Gel Permeat ion 

Chromatography was bo rn .  These semi - r ig id  pack ings ,  p a r t i a l l y  swel led 

by o r g a n i c  s o l v e n t s ,  w i t h s t a n d  a h i g h e r  p r e s s u r e ,  l e a d i n g  t o  s h o r t e r  

a n a l y s i s  t imes .  Immediat ly ,  Waters A s s o c i a t e s ,  I n c .  commercial ized 

t h i s  packing under t h e  name o f  S t y r a g e l  @ ( 5 )  and a l i q u i d  chroma- 

tog raph  : t h e  GPC 100. The t echn ique  sp read  v e r y  q u i c k l y  i n  indus-  

t r y  a s  we l l  a s  i n  t h e  u n i v e r s i t y  l a b o r a t o r i e s  and then ,  t h e  number 

of  pape r s  devoted t o  GPC e x p o n e n t i a l l y  i n c r e a s e d .  

In 1966, t h e  f i r s t  t o t a l l y  r i g i d  porous packing appeared i n  

France.  De V r i e s  (6-8! s y n t h e t i z e d ,  i n  Pechiney-St-Gobain,  porous 

s i l i c a  beads,  commercial l ized a t  once i n  Europe under t h e  name o f  

S p h e r o s i l  'and i n  United S t a t e s  under  t h e  name of  P o r a s i l  

Unfo r tuna te ly ,  t h e  s t r o n g  i n t e r a c t i o n s b e t w e e n  t h e  s i l i c a  s u r f a c e  

and a number of s o l u t e s  p reven ted  t h e  u n i v e r s a l  u se  of  t h i s  packing 

which i t s  p h y s i c a l  and mechanical  p r o p e r t i e s  promised as a r e s u l t  

o f  i t s  c o m p a t i b i l i t y  w i t h  t h e  q u a s i - t o t a l i t y  of  s o l v e n t s .  

@ . 

F i n a l l y ,  a f u r t h e r  s t e p  was made i n  1974 w i t h  t h e  comming 

of  micro-packings (9-11).  Waters A s s o c i a t e s  i n t roduced  Mic ros ty ra -  
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GEL PERMEATION CHROMATOGRAPHY 877 

gel  @ w i t h  t h e  same s t r u c t u r e  o f  S t y r a g e l  @ , but  w i t h  a p a r t i c l e  

s i z e  of  IOpm i n s t e a d  of 50pm. The e l u t i o n  t ime decreased from a 

few hours  t o  some t e n  minutes w i t h  t h e  high p r e s s u r e  technology 

s imul taneous ly  developped i n  l i q u i d  chromatography. Thus, H.P. 

(High Performance o r  High Pressure)  was added b e f o r e  t h e  name of  

t h i s  technique t o  c h a r a c t e r i z e  t h i s  new t e c h n o l o g y  : 

We can note  t h a t  t h e  name "Size Exclusion Chromatography" (S.E.C.) 

and H.P .  S . E . C .  (12) is  more commonly used w i t h  micro-packings based 

on s i l i c a  ( 1 3 - 1 6 ) .  The most r e c e n t  developments involve s u r f a c e  

modi f ica t ions  o f  porous s i l i c a  packings by organic  g r a f t i n g  ( Micro- 

bondage1 @ ( 5 ) ,  TSK Gel SW@ ( I  7 ) ,  Lichrospher  dial@ ( I  8) ) o r  by 

organic  c o a t i n g  (19) t o  prevent  a d s o r p t i o n  phenomena. 

H.P.G. P .  C .  

The p r e p a r a t i v e  aspec t  of  GPC was taken i n t o  account  from t h e  

beginning s i n c e ,  a s  GPC i s  a non-des t ruc t ive  technique ,  i t  i s  easy  t o  

c o l l e c t  l i q u i d s  a t  t h e  o u t l e t  o f  t h e  chromatograph and t h u s  recover  

the f r a c t i o n a t e d  polymer. We must remember t h a t ,  b e f o r e  GPC, t h e  on- 

l y  a v a i l a b l e  methods of polymer f r a c t i o n a t i o n  involved c o a c e r v a t i o n  

methods i n  solvent-non so lvent  mixtures  o r  p r e c i p i t a t i o n  methods by 

temperature  g r a d i e n t .  They r e q u i r e d  daysor  weeks of t e d i o u s  l a b o r  

and enormous volumes of so lvent  t o  achieve  a crude f r a c t i o n a t i o n  of  

a few grams of  polymer. Gradient  e l u t i o n  chromatography (20) was 

l a t e r  used, but some d i f f i c u l t i e s  appeared,  mainly w i t h  copolymers. 

Gel F i l t r a t i o n  Chromatography turned  from t h e  beginning t o  t h e  pre- 

p a r a t i v e  mode thanks t o  the  r e l a t i v e  s i m p l i c i t y  of  i n s t r u m e n t a t i o n .  

With t h e  impulse of  t h e  Pharmacia Company (2) .  GFC r a p i d l y  reached 

t h e  i n d u s t r i a l  l e v e l  i n  biochemical a p p l i c a t i o n s .  Kilograms of  enzy- 

mes, p r o t e i n s  and n a t u r a l  products  a r e  commonly i s o l a t e d  (21-23). 

In  1967,  Waters Assoc ia tes  (5) manufactured t h e  f i r s t  prepa- 

r a t i v e  GPC ins t rument ,  t h e  "Ana Prep" (24) ,  capable  o f  o p e r a t i n g  

under moderate p r e s s u r e  wi th  r i g i d  and semi-r igid packings,  e n a b l i n g  

t h e  f r a c t i o n a t i o n  o f  s e v e r a l  grams of  polymer i n  a s i n g l e  process .  

Some o t h e r  systems were l a t e r  descr ibed  (25-28). There i s  no b a s i c  

d i f f e r e n c e  between a n a l y t i c a l  and p r e p a r a t i v e  ins t ruments ,  o n l y  t h e  
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878 LESEC 

size is adjusted according to the amount of substance that must be 

fractionated. 

We can thus define the different GPC methods : 

- analytical method. Injected quantity about Img in an analytical 
instrument for analytical measurements. 

- semi preparative method. Injected quantity about IOOmg in an 
analytical instrument (repetitive or large columns). Allows the 

characterization of fractions by spectroscopic methods (IR, NMR, 
etc ... ) .  

- preparative method. Injected quantity I-lograms in a specialized 
preparative instrument for the preparation of reference polymers 

or well-defined materials. 

- industrial mcrhnd. Mort. thanlkilogram injected .Only available 

for industrial production of biological substances and natural 

products. 

But before studying the preparative aspect of GPC, let 

us examine its basic principle. 

11. GPC BACKGROUND 

11.1. Principle 

Gel Permeation Chromatography is liquid chromatography on 

a porous packing. The mobile phase inside the column can be consi- 

dered as separated into two volumes : the void volume V volume of  

solvent around the packing particles , and the porous volume V 
volume of solvent inside the packing’s pores. Usually, these two 

volumes have approximately the same value. Many attempts have 

been made to explain polymer fractionation in GPC (see the reviews 

of Audebert (29-30) and Hagnauer ( 3 1 ) l  but now, the size exclusion 

mechanism is widely demonstrated and accepted (32-36). It is based 
on the principle that a macromolecule cannot approach a wall at a 
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GEL PERMEATION CHROMATOGRAPHY 879 

d i s t a n c e  s m a l l e r  t h a n  i t s  r a d i u s ,  t h a t  d e f i n e s  an  a c c e s s i b l e  volu-  

me V a c  c 

Vacc = k.V 
P 

w i t h  0 < k < I depending o f  t h e  m o l e c u l a r  s i z e  ( F i g u r e  I ) .  The 

e l u t i o n  volume i s  t h e n  d e f i n e d  by 

V = V  + V  = V  + k . V  
e o a c c  o P 

A v e r y  h i g h  molecu la r  weight  polymer (k = 0)  i s  e l u t e d  a t  Vo ,  

whereas  e l u t i o n  volume i s  a f u n c t i o n  o f  s i z e  f o r  polymer s i z e s  

(k  < 1 )  s m a l l e r  t h a n  e x c l u s i o n  l i m i t .  T h i s  f u n c t i o n  i s  c a l l e d  

" c a l i b r a t i o n  curve".  Assuming a p r o p o r t i o n a l l i t y  between s i z e  and 

m o l e c u l a r  we igh t ,  and u s i n g  t h e  l o g a r i t h m  o f  m o l e c u l a r  we igh t  

v e r s u s  e l u t i o n  volume, t h e  p l o t  i s  q u a s i - l i n e a r  ( F i g u r e  2 ) .  The 

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

d i f f e r e n t  from one polymer t o  t h e  n e x t .  T h i s  drawLack i s  avo ided  

i n  B e n o i t ' s  " u n i v e r s a l  c a l i b r a t i o n "  (37-38). The u n i v e r s a l  para-  

me te r  [q] . M ,  p roduc t  o f  m o l e c u l a r  we igh t  by i n t r i n s i c  v i s c o s i t y ,  

i s  p r o p o r t i o n a l  t o  molecu la r  s i z e  (hydrodynamic volume) and does  

n o t  depend upon t h e  n a t u r e  o f  a polymer.  T h i s  l e a d s  t o  t h e  un ique  

" u n i v e r s a l  c a l i b r a t i o n  curve" f o r  a l l  t h e  polymers ( F i g u r e  3 )  

Log [q] .M = f(Ve) 

But t h e  s i t u a t i o n  c a n  become v e r y  compl i ca t ed  when s t r o n g  

i n t e r a c t i o n s  o c c u r  between t h e  pack ing  and t h e  s o l u t e .  A d s o r p t i o n  

l e a d s  t o  a term p r o p o r t i o n a l  t o  t h e  pack ing  s p e c i f i c  s u r f a c e  K'.S 

and p a r t i t i o n  a term K".V p r o p o r t i o n a l  t o  s t a t i o n a r y  phase  volume. 

The r e s u l t i n g  e l u t i o n  volume t a k e s  t h e  form 

Ve = V + K . V  + K'.S + K".V 
P S 
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I O c k c l  

Figure 1 : The a c c e s s i b l e  volume of pores  as a f u n c t i o n  of  

molecular  s i z e .  

log M 

i' 

Figure 2 : C a l i b r a t i o n  curves  f o r  two d i f f e r e n t  polymers 

(a) and ( b ) .  
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log [ q l  M 

10 

10 

10 

10' 

10 

a P S  

o PS"comb" 

* P S " s t a r "  

A Hetero G r a f t  Copol .  * Polyrnethylmethacrylate 

Polyvinylchloride 

v Graf t  Copol. PS/PMMA 

Polyphenylsiloxane 

0 Polybutadiene 

18 2 2  26 30 
Elution Volume 

( 5 m l  counts, T H F  solvent)  

Figure  3 : The u n i v e r s a l  c a l i b r a t i o n  curve .  (Reprin 

miss ion  from r e f .  38). 

ed w i t h  per- 

which cannot be represented  by a s imple r e l a t i o n s h i p .  Consequent ly ,  

the  s t a t i o n a r y  phase,  and e s p e c i a l l y  t h e  mobile  phase a r e  u s u a l l y  

chosen so t h a t  i n t e r a c t i o n s  do not  occur ,  s t e r i c  e x c l u s i o n  being 

t h e  only  mechanism of  f r a c t i o n a t i o n ,  a l lowing  t h e  use o f  u n i v e r s a l  

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

11.2. Ins t rumenta t ion  

GPC equipment i s  very c l o s e  t o  c l a s s i c a l  HPLC equipment. 

We w i l l  not d e s c r i b e  it h e r e  but  we  w i l l  o n l y  poin t  o u t  t h e  d i f -  

fe rences .  
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The pumping system is a classical one, but must deliver 

the solvent at an extremely constant flow rate so that elution 

times should be accurately converted into elution volumes for the 

use of the calibration relationship between molecular weights and 

elution volumes. Due to the internal volume of GPC columns, sample 

sizes are often greater than 100~1 ; a loop injector is widely 

used. The intrument can easily be automated by the use of an au- 

tomatic injector. 

In contrast to classical LC, the most common detector 

is the differential refractometer which measures concentration 

variations. This detector is not very sensitive, but has the 

advantage of being non specific (universal). Cases where a polymer 

is not detected are unusual. The trend, today, is to introduce a 

second detector, sensitive to molecular weight to improve data 

processing possibilities. The first mass detector used is the 

capillary viscometer ( 3 9 - 4 2 ) .  This detector, providing intrinsic 

viscosity measurements across the molecular weight distribution, 

permits the use of universal calibration. This detector cannot 

operate in HPGPC because of the extremely small volume of modern 

columns. A continuous viscometer, firstly described by Ouano ( 4 3 )  

and recently improved ( 4 4 - 4 7 ) .  can be used to generate the requi- 

red data. Unfortunately, this detector is not commercially availa- 

ble at the present time ; it is represented in Figure 4 .  Another 

mass detector has also been used : the low angle laser light 

scattering (LALLS) photometer ( 4 8 )  represented in Figure 5. It 

provides information concerning weight-average molecular weight 

directly, eliminating the need for calibration. It is manufactured 

by Chromatix, Inc. ( 4 9 ) .  Finally, other photometric detectors are 

occasionally coupled to GPC systems. Ultraviolet photometers per- 

mit the study of copolymer composition (50-52) and an infrared 

photometer has been used for polyolefine analysis (53). 

11.3. Columns and chemicals 

The most widely used mobile phase for organic polymers 

is tetrahydrofuran (THF) because of its excellent solvation pro- 
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R I  = ,Q -Column set 

I Pump compartment 

Figure 4 : Scheme of the continuous viscometer. (Reprhted 

with permission from ref. 4 6 - 4 7 ) .  

a) capillary tube ; (b) purge ; (c) transducer 
holder ; (d) pressure transducer ; (e) electronic 
units. 

perties. Toluene, chloroform and methylene chloride are also 
routinely employed. When a polymer is insoluble in these solvents, 

other possibilities are available. Polyolefins are analyzed in 

trichlorobenzene (TCB) or in o-dichlorobenzene (ODCB) at 135"C, 

polyamides and polyesters can be chromatographied in hexamethyl- 

phosphotriamide (HMPT) or meta-cresol at 100°C or at room tempe- 

rature in hexafluoroisopropanol (HFIP). Dimethylformamide (DMF) 

is also used in some particularly difficult cases. Water soluble 

polymers are, of course, analyzed in aqueous solution, often with 

addition of  a buffer of variable ionic strength to avoid ionic 

effects which greatly perturb size exclusion properties. 

A listing of GPC packings is given in the preparative 

section. A s  resolution varies with the square of the particle 

diameter, high resolution packing diameter are generally between 

5 w  and l O ~ m  ; the use of these packings requires high pressure 
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LA 

DE 

Figure  5 : The LALLS d e t e c t o r .  (Reprinted w i t h  permission from 
r e f .  4 8 ) .  

Schematic diagram of t h e  o p t i c a l  system of t h e  LALLS 
showing t h e  c r i t i c a l  p a r t s  of t h e  photometer : (LA) 
l a s e r  ; (LI) d i v e r g i n g  l e n s ,  500mm f o c a l  l e n g t h  ; 
(PR) f o l d i n g  pr ism ; (AI-A3)  a t t e n u a t o r s  ; (SH) s h u t t e r /  
c a l i b r a t i n g  a t t e n u a t o r  ; (HI) condenser a p e r t u r e  ; (L2) 
condenser l e n s ,  150mm f o c a l  l e n g t h  ; (H2) secondary aper-  
t u r e  ; (WI, W2) sample c e l l  windows ; (H3) sample a p e r t u r e ;  
(T) beam t r a p  ; (H4) s a f e t y  a t t e n u a t o r  ; (L3) r e l a y  l e n s ,  
50mm f o c a l  l e n g t h  ; (H5) f i e l d  s t o p  ; (L4, L5) d e t e c t o r  
l e n s e s ,  4Omm f o c a l  l e n g t h  ; (FI )  narrow-band f i l t e r  ; 
(H6) d e t e c t o r  a p e r t u r e  ; (D1) d i f f u s e r ,  (DE) p h o t o m u l t i p l i e r .  

systems. We can d i s t i n g u i s h  t h r e e  d i f f e r e n t  k i n d s  of  packings : 

t h e  s o f t  g e l s ,  t h e  semi- r ig id ,  and t h e  r i g i d  g e l s .  

- Sof t  g e l s  aremade of c ross - l inked  polymers, mainly water  s o l u b l e  

polymers. They a r e  h i g h l y  swel led by t h e  s o l v e n t  and cannot ope- 

r a t e  under pressure .  Consequently, p a r t i c l e  s i z e  i s  around 100pm 

and r e s o l u t i o n  i s  poor, l ead ing  t o  long a n a l y s i s  times ( o f t e n  

s e v e r a l  h o u r s ) .  This  is t h e  c a s e  of  c l a s s i c a l  Gel F i l t r a t i o n  

Chromatography packings such as cross - l inked  d e x t r a n  o r  poly- 

acrylamide g e l s .  They a r e  g e n e r a l l y  p a t a k e d  i n  g l a s s  columns. 
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GEL PERMEATION CHROMATOGRAPHY 885 

- Semi-rigid packings are based on highly cross-linked organic 
polymers such as styrene-divinylbenzene copolymers. They are 

moderately swelled by solvents, but exhibit sufficient mechanical 

strength to be used under pressure. The classical particle diame- 

ter is 50um, but the modern packings having lOpm diameters allow 

good resolution with analysis durations of 10-15 minutes. They 

are usually packed in stainless steel tubes of 7-8m I.D. and 

30-50cm length. 

- Rigid packings are mainly based on porous silica. They support 
high pressure and generally have particle diameters between 5pm 

and 10pm. Thgcan be spherical or irregularly shaped. The silica 

surface is either untreated, or is modified by organic functiona- 

lities to reduce adsorption. They are usually packed in 4mm or 

8mm I.D. stainless steel columns, 25 or 30 cm long. It should be 
noted that column dimensions given are merely indicative of com- 

mercially available columns ; other sizes have been routinely 

employed. 

Due to the synthetic methods used to prepare them, GPC 

packings have pore sizes leading to a limited fractionation range. 

For broader ranges, it is possible to mix several different pac- 

kings with different pore size distributions to obtain a "linear" 

column, covering the desired broad range of molecular weights. 

But, the most widely used method is to assemble a column "set", 

with different fractionation-range columns connected in series, 

and thus to tailor the column set to the separation to be performed. 

For analytical applications, the column set has to be 

calibrated. In organic media, anionically synthetized polysty- 

rene standards with very narrow distributions are the most suita- 

ble for establishing a universal calibration. But today other po- 

lymer standards are available for molecular weight calibration : 

polytetrahydrofuran , polymethylmethacrylate, polyvinylacetate, 
etc ... For aqueous media, dextran, protein or  polystyrene sulfo- 

nate standards are used. In addition, some mathematical methods 
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(54-55)  exist to calibrate a column set using broad distribution 

polymer standards ( 5 6 - 6 1 ) .  Finally, the bimodal-pore-size-dis- 

tribution method ( 6 2 )  is applied to bimodal packings containing 

two discrete pore sizes with equal pore volumes. A l l  the calibra- 

tion methods have been recently reviewed by Janca ( 6 3 ) .  

1 1 . 4 .  Analytical applications 

Let us simply consider the GPC chromatogram as a finger 

print of a polymer. A s  the elution volume is a quasi-linear func- 

tion of the logarithm of molecular weight, the chromatogram does 

not correspond to the distribution curve but to its transform in 

molecular weight on a logarithmic scale, the intensity being mul- 

tiplied by molecular weight ( 6 4 ) .  But the chromatogram can be inter- 

preted more advantagetrusly , since the curve digitization provides 
a set of data each being characterized by the concentration, Ci, 

and the molecular weight, Mi, through the calibration curve. Then, 

it is easy to calculate, by integrating across the whole chromato- 

gram, the different average molecular weights in number, in visco- 

metric, in weight and in z 

where a is the Mark-Houwink exponent. 

The polydispersity. I = iw/i 

molecular weight distribution. Integral and derivative molecular 

weight distribution curves can also be calculated. When a visco- 

metric detector is used, or when the K and a Mark-Houwink coeffi- 
cients are known, Benoit’s universal calibration can be used 

( 4 4 - 4 6 ) .  These calculations are tedious, and the trend in GPC data 

handling is to automate the chromatograph with a mini- or micro- 

computer for data acquisition ant treatment. Accuracy of results 

are greatly increased when taking into account instrumental imper- 

fections such as axial dispersion, concentration effets, etc ... 

represents the broadness of the n’ 
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GEL PERMEATION CHROMATOGRAPHY 887 

( 6 5 ) .  We will not describe then here. (see references in ( 3 1 ) ) .  

We will merely notethat when the polymer is branched, the dual 

detection refractometer-viscometer ( 4 6 )  approach leads to the 

determination of branching distribution and frequency in addit ion 

to average molecular weights and the molecular weight distribution 

curve (66). 

Modern GPC instrumentation is thus an excellent analy- 

tical tool providing, in a relatively few minutes, all the above- 

described structural parameters of polymers. For applications, 

see the review of Janca (67). 

111. PREPARATIVE METHOD 

111.1. General 

The purpose of preparative GPC is multiple. It can be 

the separation of one polymer from an other one on the basis of 

molecular weight o r  the purification of a polymer from low mole- 

cular weight compounds such as plasticizers, dyes or monomeric 

residues. One can separate polymer additives for  identification 

or a particular oligomer in an oligomer mixture. Using low poro- 

sity gels, small organic molecules can be separated for purifica- 

tion or identification. But the primary application of preparative 

GPC is the preparation of narrow distribution polymer standards 

by fractionation of a broad polymer. More simply, this technique 

is also applied to narrow the polymer distribution by eliminating 

the highest and lowest molecular weight components and obtain a 

best-defined material. The technique employed will depend upon 

the objective of the experiment but especially on the amount of 

material to be purified. 

With classical analytical columns (7mm I.D.), the amount 

of injected polymer is approximately Img. For a semi-preparative 

operation, I0  to l0hg are usually involved. This is often the 
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amount required for identification by spectroscopic methods (IR, 
NMR, etc ... ) .  Repetitive injections/separations are performed 

on an analytical instrument equipped with analytical columns when 

lOmg are adequate. This operation can be automated by using an 

automatic injector and a fraction collector. For more material , 
the same holds true, but by replacing the analytical column with 

a semi-preparative, high-performance column, having an internal 

diameter around 25mm, and increasing the mobile phase flow rate. 

This can be done in a single operation or as a repetitive one. 

For higher loadings .(above 1 gram) the analytical 

GPC instrument is not convenient and a specific preparative 

installation has to be used with preparative columns, the size 

of which are dependent upon the required capacity. 

111.2. The column 

For relatively small amounts of sample, columns of 

small particle size (10pm) should be uaed to prepare small 

amountsof purified material in short times at high resolution. 

Tubing is around 8mm to 2Omm I . D .  and about 50cm long. It is 

equipped with classical end-fittings. For large amounts of sample, 

larger columns must be used, but small particles are not conve- 

nient due to their high cost ; they are replaced by conventional 

packings (50 or 100pm). But, because of their poor efficiency, 
and in order to obtain the same resolution, the column length 

must be dramatically increased, involving long separation times 

and large amounts of solvent. Preparative columns are usually 

2 inches in diameter and 4 feet in length, equipped with distri- 

butor end-fittings holding porous metal discs as retainers. As 

in analytical GPC, several columns are commonly connected in series 

so as to obtain the required molecular weight separation range 

for the material that must be fractionated. 

The largest columns are used in industrial preparative 

chromatography, almost exclusively in the Gel Filtration Chroma- 
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GEL PERMEATION CHROMATOGRAPHY 889 

tography (21-22) mode where ki logram s c a l e  i s  exceeded f o r  enzy- 

me p u r i f i c a t i o n  on 40cm diameter  columns ( 2 3 ) .  I n d u s t r i a l  columns 

have been used up t o  2 meters  in  d iameter .  This  technique  i s  

o u t s i d e  t h e  scope o f  t h i s  c h a p t e r .  

High performance packings a r e  convenient ly  purchased 

i n  pre-packed columns because o f  t h e  d i f f i c u l t y  of  packing small 

columns wi th  very h igh  numbers of  p l a t e s .  The most important  ones 

a r e  l i s t e d  i n  Table  I .  Conventional packings a r e  a v a i l a b l e  e i t h e r  

i n  pre-packed columns or  i n  b u l k .  The most important  ones are 

given i n  t a b l e  11. Table 111 p r e s e n t s  t h e  d i f f e r e n t  manufac turers  

of t h e s e  packings.  

The f i l l i n g  of p r e p a r a t i v e  columns i s  e a s i e r  t h a n  f o r  

small  columns and is g e n e r a l l y  performed us ing  a s l u r r y  method. 

Dry organic  packings a r e  put i n  suspension i n  a s u i t a b l e  s o l v e n t  

f o r  swel l ing .  Mixing i n  an u l t r a s o n i c  b a t h  i s  recommended t o  des-  

t r o y  a g r e g a t e s .  The s l u r r y  i s  then  pumped i n t o  t h e  column, topped 

with a pre-column, then pushed by t h e  s o l v e n t  under p r e s s u r e  t o  

s e t t l e  t h e  packing. The pre-column i s  then  removed and r e p l a c e d  

w i t h  an e n d - f i t t i n g .  Rigid packings are a l s o  packed by t h e  s l u r -  

r y  method f o r  p a r t i c l e  s i z e s  s m a l l e r  than 30pm. Above t h i s  s i z e  

t h e  s l u r r y  method o r  t h e  dry-packing technique  can be a p p l i e d .  

For s i l i c a  packings,  i t  was found ( 2 6 )  t h a t  a d r y  f i l l i n g  w i t h  

a p p l i c a t i o n  of a x i a l  v i b r a t i o n s  t o  t h e  column ( 6 h  diameter  - 
122  cm length)  could provide e f f i c i e n c i e s  more than  twice t h a t  

ob ta ined  f o r  a n a l y t i c a l  columns. 

In  c o n t r a s t  t o  a n a l y t i c a l  GPC, column e f f i c i e n c y  is  not  

t h e  major parameter i n  p r e p a r a t i v e  GPC. The t r e n d  i s  t o  h e a v i l y  load 

t h e  column w i t h  a sample t o  recover  t h e  l a r g e s t  amount of  p u r i f i e d  

m a t e r i a l  per  run,  w i t h  the  consequent l o s s  o f  e f f i c i e n c y .  A 

compromise m u s t  be found between t h e  sample l o a d i n g ,  t h e  degree  of  

p u r i f i c a t i o n  ( e f f i c i e n c y ) ,  and t h e  r e q u i r e d  run t i m e .  
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111.3. Ins t rumenta t  ion  

A s  a genera l  r u l e ,  t h e  p r e p a r a t i v e  G P C  ins t rument  i s  

d i r e c t l y  evolved from t h e  a n a l y t i c a l  one,  t h e  s i z e  be ing  l a r g e r .  

The pumping system n u s t  d e l i v e r  so lvent  up t o  500ml/mn w i t h  a 

p r e s s u r e  l i m i t  about  1 0 0 0 - 2 0 0 0  PSI. It g e n e r a l l y  c o n s i s t s  of 

a r e c i p r o c a t i n g  pump a l though o t h e r  types  are used. A l o o p  

i n j e c t o r ,  equipped w i t h  a large-volume loop (lo-IOOml) is  commonly 

used. Detec t ion  i s  achieved e i t h e r  by a s p e c i f i c  l o w - s e n s i t i v i t y  

d e t e c t o r  designed f o r  p r e p a r a t i v e  purposes ,  o r  by a c l a s s i c a l  

a n a l y t i c a l  d e t e c t o r  w i t h a  s t ream s p l i t t i n g  d e v i c e ,  t o  e n a b l e  on- 

l y  1 %  o r  l e s s  of t h e  mobile phase t o  flow through t h e  d e t e c t o r .  

A s  i t  i s  usua l  t o  load  a p r e p a r a t i v e  instrument  h igher  

than an a n a l y t i c a l  one,  c o n c e n t r a t i o n s  encountered a t  t h e  o u t l e t  

of  t h e  column should r e q u i r e  a l o w - s e n s i t i v i t y  d e t e c t o r .  

When us ing  a UV spec t rophotometr ic  d e t e c t o r ,  it i s  p o s s i b l e  

t o  reduce s e n s i t i v i t y  by tun ing  t o  a wavelength away from a 

s t r o n g  adsorbance band. This  method s t i l l  a l lows  d e t e c t i o n  i n  

a l i n e a r  mode. A t  t h e  o u t l e t  of  t h e  d e t e c t o r ,  a f r a c t i o n  c o l l e c -  

t o r  i s  used f o r  s o l u t e  c o l l e c t i o n .  I t  i s  commonly equipped w i t h  

a siphon counter ,  i s o l a t i n g  f r a c t i o n s  a s  a f u n c t i o n  o f  volume 

o r  t i m e .  The schematic  diagram o f  t h e  Waters Chromatoprep @ i s  

given i n  F igure  6 .  F i t t i n g a n d  tubing  are n o t  as c r i t i c a l  a s  w i t h  

a n a l y t i c a l  G P C ,  r egard ing  t h e  l a r g e  i n t e r n a l  volume of  p r e p a r a t i -  

ve columns. It i s  r e l a t i v e l y  e a s y  t o  d e s i g n ,  i n  t h e  l a b o r a t o r y ,  

a p r e p a r a t i v e  instrument  f o r  a p a r t i c u l a r  purpose,  by connec t ing  

t o g e t h e r  t h e  above descr ibed  components and home-made p r e p a r a t i v e  

GPC ins t ruments  a r e  o f t e n  descr ibed  i n  t h e  l i t e r a t u r e .  

The f i r s t  commercial p r e p a r a t i v e  G P C  instrument  was t h e  

Waters "Ana-prep @ " (5,24) but  i t  is  no longer  a v a i l a b l e .  

Barlow (25) designed a p r e p a r a t i v e  G P C  where columns a r e  placed 

i n  an oven a t  temperatures  from ambient t o  1 5 0 ° C .  Four f o o t  l e n g t h  

by 2.4 in. O.D.  columns, packed w i t h  S t y r a g e l  @ o f  d i f f e r e n t  poro- 
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Figure 6 : Schematic diagram of Chromatoprep. (Reprinted with 
permission from ref. 69). 

skies, were used. Styrene-butadiene rubbers were fractionated 

using benzene at ambient temperature and ethylene-vinylacetate 

copolymers using xylene at 60’C. One gram of polymerws fractio- 

nated at each injection. Peyrouset and Panaris (26) have construc- 

ted a preparative chromatograph suitable for fractionating samples 

of the order of 1 gram per injection. The sample introduction 

system consists of a lOOml sampling loop and five two-way elec- 
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t r o v a l v e s  a l l o w i n g  t h e  f i l l i n g  o f  t h e  loop  w i t h  t h e  polymer s o l u -  

t i o n  and i t s  i n t r o d u c t i o n  i n t o  t h e  columns. Columns were s t a i n -  

l e s s  s t e e l  t u b e s  122cm l o n g  and 60mm i n  d i a m e t e r .  They were packed 

w i t h  a porous s i l i ca  ( S p h e r o s i l  @ ) hav ing  p a r t i c l e  d i a m e t e r s  

r a n g i n g  from 100 t o  200um and o f  v a r i o u s  p o r o s i t i e s  ( 1 0 0 - 4 0 0 0  A ) .  

The e f f i c i e n c y  was around 3500 p l a t e s  p e r  column. Using THF a s  

mobile  phase ,  p o l y s t y r e n e ,  p o l y v i n y l c h l o r i d e  and p o l y b u t a d i e n e  

were f r a c t i o n a t e d  i n t o  narrow f r a c t i o n s .  I n c r e a s i n g  t h e  tempera- 

t u r e  t o  150°C w i t h  1 , 2 , 4 - t r i c h l o r o b e n z e n e  a s  s o l v e n t ,  t h e  same 

a u t h o r s  (68) performed t h e  f r a c t i o n a t i o n  o f  a h i g h  d e n s i t y  poly-  

e t h y l e n e  i n t o  narrow f r a c t i o n s  f o r  c a l i b r a t i o n  o f  a n a l y t i c a l  

GPC o f  p o l y o l e f i n e s .  Montague (27)  d e s c r i b e s  an a p p a r a t u s  w i t h  

4 f t  by 1 i n c h  0.D. columns, f i l l e d  w i t h  c r o s s - l i n k e d  p o l y s t y r e n e  

g e l s .  A room t e m p e r a t u r e  p r e p a r a t i v e  i n s t r u m e n t  was commercial ized 

by Waters  Assoc.  (5) a l l o w i n g  r e c y c l e  o p e r a t i o n  (69-70) : t h e  

chromatoprep @ ( F i g u r e  6 ) .  It is equipped w i t h  a r e c y c l e  v a l v e  

and a 40-port  v a l v e  f r a c t i o n  c o l l e c t o r .  T h i s  i n s t rumen t  h a s  now 

been r e p l a c e d  by a p r e p a r a t i v e  l i q u i d  chromatograph,  t h e  P r e p  

LC 500 A @, s p e c i a l l y  des igned  f o r  r a d i a l l y  compressed columns. 

T h i s  t e c h n i q u e  b e i n g  i n c o n v e n i e n t  f o r  s e m i - r i g i d  GPC p a c k i n g s ,  

N e v e r t h e l e s s ,  t h i s  i n s t r u m e n t  c a n  be employed w i t h  c l a s s i c a l  p re -  

p a r a t i v e  columns. 

0 

For  i n d u s t r i a l  a p p l i c a t i o n s ,  a c o n t i n u o u s  chromatography 

p r o c e s s  was d e s c r i b e d  by Barker  (71-72) where t h e  movement o f  t h e  

packing i s  ach ieved  by column s w i t c h i n g  u s i n g  t h e  moving p o r t  

p r i n c i p l e  (73 ) .  Dex t ran  samples  were f r a c t i o n a t e d  w i t h  t h i s  c o u n t e r -  

c u r r e n t  chromatograph on g l a s s  columns (5. lcm 1 . D . -  70cm long)  

f i l l e d  w i t h  S p h e r o s i l  XOB 075. (6 

F i n a l l y ,  l e t  u s  ment ion t h e  i n d u s t r i a l  l a r g e  s c a l e  g e l  

f i l t r a t i o n  u n i t s  (21-23) where k i log rams  a r e  t r e a t e d  i n  a s i n g l e  

o p e r a t i o n .  They a r e  equipped w i t h  wide Sephadex @co lumns  and a r e  

mainly devo ted  t o  n a t u r a l  product  p u r i f i c a t i o n .  
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111 .4 .  Experimental 

LESEC 

One of  t h e  most c r i t i c a l  parameters  i n  p r e p a r a t i v e  GPC 

i s  t h e  sample loading  because one always t r i e s  t o  o b t a i n  t h e  maxi- 

mum amount of  p u r i f i e d  substance i n  a s i n g l e  experiment .  This  has  

been r e c e n t l y  d iscussed  by Vaughan (72) .  The e f f e c t  of sample 

concent ra t ion  on t h e  GPC hehaviour  of polymers has  been widely 

s t u d i e d  (75-80). Moore (81) introduced t h e  idea  of  "v iscous  

f inger ing"  t h a t  d e s c r i b e s  peak deformation when severe  over-loa- 

d ing  occurs .  This  phenomenon, caused by t h e  d i f f e r e n c e  o f  v i sco-  

s i t y  between t h e  s o l v e n t  zone and t h e  s o l u t e  zone i s  accompanied 

by macromolecular compression where polymer c o i l s  do n o t  i n t e r p e -  

n e t r a t e  o r  in te rmingle  w i t h  each o t h e r ,  but  s h r i n k  (82) .  I n  

a d d i t i o n ,  hydrodynamic volumes of  s o l v a t e d  polymer molecules  

a r e  dependent on t h e i r  c o n c e n t r a t i o n  (83-84) which can be 

descr ibed  by t h e o r e t i c a l  models (85-87). The v i s c o s i t y  of  poly- 

mer s o l u t i o n s  i s  r e s p o n s i b l e  f o r  v a r i a t i o n s  i n  e l u t i o n  volumes 

(76,88-89), t h e  h igher  t h e  c o n c e n t r a t i o n , t h e  g r e a t e r  t h e  e l u t i o n  

volume, e s p e c i a l l y  as t h e  molecular  weight i n c r e a s e s .  Loss  of  

r e s o l u t i o n  i s  a l s o  observed.  

Cooper (90-92) s tud ied  experimental  v a r i a b l e s  i n  prepa- 

r a t i v e  s c a l e  GPC. He repor ted  t h a t ,  a &  higher  conccnl ra t iuns ,  t h e  

p o l y d i s p e r s i t i e s  of  t h e  high mole,"uiar weight f r a c t i o n s  a r e  not  

a f f e c t e d ,  whereas t h e  tow molecular  weight f r a c t i o n s  have 

i n c r e a s i n g l y  h igher  p o l y d i s p e r s i t i e s  a s  t h e  sample c o n c e n t r a t i o n  

i n c r e a s e s .  I n  o r d e r  t o  o b t a i n  r e s o l u t i o n  comparable t o  a n a l y t i c a l  

experiments ,  low loadings  were used by Kato (93) f o r  t h e  f r a c t i o -  

n a t i o n  of  a c e r t i f i e d  m a t e r i a l ,  po lys tyrene  NBS SRM 706 w i t h  TSK- 

gel  @ columns u s i n g  a 0 s o l v e n t  (methanol /butanore) .  (Figure 7 ) .  

He showed t h a t  p o l y d i s p e r s i t i e s  of  f r a c t i o n s  a r e  much b e t t e r  (1.01- 

I .03) under t h e s e  c o n d i t i o n s  than on S p h e r o s i l  @ o r  S t y r a g e l  

columns wi th  THF as s o l v e n t  (1.17-1.30). When i n c r e a s i n g  t h e  amount 

of i n j e c t e d  polymer, t h e r e  is  a c r i t i c a l  sample s i z e  beyond which 

r e s o l u t i o n  f a l l s  below i t s  a n a l y t i c a l  l e v e l .  Kato (94-95) showed 

t h a t ,  f o r  po lys tyrene  on polys tyrene  columns, when us ing  a 8 so l -  

@ 
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GEL PERMEATION CHROMATOGRAPHY 897 

Molecular Weight 

F i g u r e  7 : Molecular  weight  d i s t r i b u t i o n  c u r v e s  o f  f r a c t i o n s  

from p o l y s t y r e n e  NBS 706 . (Repr in t ed  w i t h  pe rmis s ion  

from r e f .  9 3 ) .  

v e n t ,  t h i s  c r i t i c a l  sample s i z e  i s  l a r g e r .  The p o l y d i s p e r s i t y  of  

f r a c t i o n s r i s e s  from 1.02 t o  1.15-1.20, t h e n  does n o t  v a r y  s i g n i -  

f i c a n t l y  when i n c r e a s i n g  sample s i z e  f u r t h e r .  Consequen t ly ,  on ly  

sma l l  amounts of  i s o l a t e d  f r a c t i t , n s , w i t h  v e r y  low p o l y d i s p e r s i t y ,  

can b e  o b t a i n e d  by  p r e p a r a t i v e  GPC on a p r e p a r a t i v e  column w i t h  

t h e  e x t r a p o l a t e d  a n a l y t i c a l  c o n d i t i o n s .  Bu t ,  when v e r y  s h a r p  d i s -  

t r i b u t i o n s  a r e  n o t  r e q u i r e d ,  it i s  p o s s i b l e  t o  o b t a i n  m a t e r i a l s  

w i t h  l ess  narrow d i s t r i b u t i o n  ( 1 . 1 - 1 . 2 )  i n  a much h i g h e r  q u a n t i t y  

by c o n s i d e r a b l y  i n c r e a s i n g  t h e  sample s i z e .  

The i n j e c t i o n  volume i s  a n o t h e r  impor t an t  pa rame te r  

of p r e p a r a t i v e  GPC (96) .  B a s i c a l l y ,  i n c r e a s i n g  i n j e c t i o n  volume 

w i l l  produce a s i g n i f i c a n t  l o s s  of  r e s o l u t i o n ,  b u t  when h i g h  

l o a d s  a r e  used,  v i s c o u s  e f f e c t s  can  predominate .  I t  w a s  found 

(93) t h a t ,  a t  a g i v e n  sample amount, t h e  p o l y d i s p e r s i t y  i s  

g r e a t e r  w i t h  a n  i n j e c t i o n  volume of  l O m l  t h a n  one o f  2Oml. 
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Obviously, th i s  e f f e c t  becomes more s i g n i f i c a n t  t h e  h i g h e r  t h e  

molecular weight .  A s  a genera l  r u l e ,  i t  is b e t t e r  t o  i n j e c t  low- 

concent ra t ion  s o l u t i o n s ,  even though t h e  i n j e c t e d  volume i s  l a r g e ,  

than t o  i n c r e a s e  c o n c e n t r a t i o n  i n  a small sample s i z e .  Usual ly ,  

i n j e c t i o n  volume can be a s  high a s  1 t o  5% of  t h e  t o t a l  volume 

of t h e  columns. 

The flow r a t e  i s  not  a determinant  parameter  i n  prepa- 

r a t i v e  GPC. I t  i s  well-known t h a t  i n c r e a s i n g  t h e  flow r a t e  w i l l  

produce a moderate l o s s  of r e s o l u t i o n .  Bombaugh (70)  found a 

quas i - l inear  decrease  of r e s o l u t i o n  between two monodispersed 

polystyrene s tandards  when i n c r e a s i n g  t h e  flow r a t e .  On t h e  

c o n t r a r y ,  i n c r e a s i n g  t h e  flow rate  w i l l  save t i m e .  Unfor tuna te ly ,  

the p r e s s u r e  a t  the  column i n l e t  w i l l  r i se  t o  a h igh  v a l u e ,  requi -  

r i n g  a high p r e s s u r e  ins t rument .  The maximum p r e s s u r e  of  t h e  ins- 

t a l l a t i o n  i s  probably t h e  l i m i t i n g  f a c t o r  when c o n s i d e r i n g  an i n -  

c r e a s e  of flow r a t e  i f  we c o n s i d e r  t h a t  i n c r e a s i n g  t h e  p r e s s u r e  

i n  l a r g e  columns could be v e r y  hazardous because of t h e  s o l v e n t  

c o m p r e s s i b i l i t y  and t h e  r i s k  of  damaging t h e  packing.  Cooper (92) 

uses t h e  same l i n e a r  flow r a t e  v e l o c i t y  as i n  a n a l y t i c a l  e x p e r i -  

ments and i n c r e a s e s  throughput  by i n c r e a s i n g  up t o  t h r e e  t imes  

t h e  flow r a t e  normally used. 

An o t h e r  d i sadvantage  of i n c r e a s i n g  flow r a t e  i s  t h e  

r i s k  of polymer degrada t ion ,  p a r t i c u l a r l y  inconvenient  i n  prepa- 

r a t i v e  GPC. Rooney and Ver Strate (97)  found t h a t  polymer degra- 

d a t i o n  occurs  a t  flow r a t e s  a s  low as 0.3ml/mn i n  high performance 

columns f o r  h igh  molecular  weight polymers. This  e f f e c t  was con- 

firmed by Huber and Lederer (98) w i t h  h igh  molecular  weight poly- 

isobutene a t  even lower flow r a t e s .  

When r e p e t i t i v e  i n j e c t i o n s ,  followed by accumulat ion 

of cu t  f r a c t i o n s  a r e  achieved,  i n j e c t i o n  parameters  (sample s i z e ,  

concent ra t ion)  and flow r a t e  must be s e v e r e l y  c o n t r o l l e d  and kept  

cons tan t  t o  avoid chromatogram s h i f t  and combining of non-ident i -  

c a l  f r a c t i o n s .  
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F i n a l l y ,  a n  impor t an t  problem i n  p r e p a r a t i v e  GPC i s  i n  

h a n d l i n g  l a r g e  volumes o f  t h e  mob i l e  phase.  When h a n d l i n g  10 t o  

50 l i t e r s  o f  s o l v e n t ,  one i s  f a c e d  w i t h  t h e  subsequen t  problem 

o f  s a f e t y ,  p a r t i c u l a r l y  when t h e  s o l v e n t  is  inf lammable.  A f t e r  

c o l l e c t i o n ,  a c l a s s i c a l  t e c h n i q u e  f o r  removing polymers  f rom so- 

l u t i o n  i n v o l v e s  p r e c i p i t a t i o n  by a d d i t  i o n  o f  a m i s c i b l e  non-sol-  

v e n t .  The polymer i s  t h e n  f i l t e r e d  and d r i e d .  But t h e  mixed so l -  

v e n t s  cannot  be r e c y c l e d .  T h i s  i s  d i s a d v a n t a g e o u s  when working 

w i t h  l a r g e  q u a n t i t i e s .  One g e n e r a l l y  p r e f e r s  t o  remove t h e  so l -  

v e n t  by d i s t i l l a t i o n .  I n  t h i s  c a s e ,  t h e  s o l v e n t  must b e  p rev ious -  

l y  p u r i f i e d  s i n c e ,  when i t  c o n t a i n s  n o n - v o l a t i l e  i m p u r i t i e s ,  t h e y  

a r e  cuncentratpd i n  t h e  f r a c t i o n s  d u r i n g  t h i s  o p e r a t i o n .  I n  o r d e r  

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

t e r i s t i c s ,  f u r t h e r  p u r i f i c a t i o n  i s  r e q u i r e d .  The d r y  polymer i s  

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

f i l t e r e d ,  t h e n  f r e e z e  d r i e d .  Polymer r e c o v e r y  is e x c e l l e n t  and 

u s u a l l y  exceeds 90-952. 

I V .  APPLICATIONS TO POLYMERS 

1 V . I .  S y n t h e t i c  polymers  

The main purpose o f  p r e p a r a t i v e  GPC of  s y n t h e t i c  poly-  

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

e x c e p t  i n  t h e  p a r t i c u l a r  c a s e  o f  a n i o n i c  s y n t h e s i s ,  b r o a d  molecu- 

l a r  we igh t  d i s t r i b u t i o n s  a r e  o b t a i n e d .  P o l y s t y r e n e  h a s  o f t e n  been 

f r a c t i o n a t e d  f o r  t e s t i n g  t h e  e f f i c i e n c y  o f  t h e  p r e p a r a t i v e  method 

(26-27,70,92,99-102).  Using t h e  r e f e r e n c e  p o l y s t y r e n e  NBS 706, 

Kato (93) o b t a i n e d  25 f r a c t i o n s  o f  d i f f e r e n t  mo lecu la r  w e i g h t s  

w i t h  p o l y d i s p e r s i t i e s  s m a l l e r  t h a n  1.03 ( F i g u r e  7 ) .  Narrow f r a c -  

t i o n s  were a l s o  p r e p a r e d  w i t h  p o l y v i n y l c h l o r i d e  (26,102-103),  

p o l y d i m e t h y l s i l o x a n e  ( 1 0 4 ) ,  po lymethy lme thac ry la t e  ( I O I ) ,  poly-  

bu tad iene  (26,102)  and polytetramethyleneglycol (28) u s i n g  THF 

a s  s o l v e n t .  The p a r t i c u l a r  condi t ions r e q u i r e d  f o r  t h e  GPC of  

p o l y o l e f i n e s  (GPC a t  135"C-150°C i n  t r i c h l o r o b e n z e n e  o r  o-di-  
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Figure 8 : -- 

Ve, counts 

Calibration curve for narrow fractions of 

lene. (Reprinted with permission from ref 

po lye t hy- 

68).  

chlorobenzene) led an industrial laboratory to produce reference 
materials to be used as standards in analytical GPC. By fractio- 
nating a broad high density polyethylene sample prepared by the 
Philips procedure, Peyrouset ( 6 8 )  obtained 9 different polyethy- 
lene fractionswith molecular weights from 2,000 t o  700,000 and 
polydispersities from 1.06 to 1.20 (Figure 8) .  The production was 
achieved with a home-made instrument (26) using TCB at 150°C and 
large columns packed with Spherosil @ . Using a Waters Ana-Prep 
equipped with Styragel @ columns in l,Z-dichlorobenzene, Vaughan 
(101-105) performed the preparative fractionation of  polypropylene 
and produced 1 1  reference samples covering the molecular weight 
range of 10,000-600,000, The polydispersities of these materials 

8 , 
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24 20 32 36 40 44 
Counts ( T F E )  

Figure 9 : Chromatograms in TFE of PMMA fractions. (Reprinted 

with permission from ref. 106-107). 

although approximately 1.5,  increase with molecular weight, a 

reflection of  the increasing difficulty of fractionating higher 

molecular weight materials. Finally, in order to calibrate the 

analytical GPC for polyamides and polyacrylates in 2,2,2-tri- 

fluoroethanol (TFE), Provder (106-107) obtained 8 fractions of 

polymethylmethacrylate in the molecular weight range of 16,000- 

1,370,000 (Figure 9) .  Polymers, prepared by routine free-radical 

bulk and solution polymerization methods to cover a wide molecular 

weight range, were fractionated with a Waters Ana-Prep @ equipped 

with a preparative column of Styragel @ lo4 in THF. 

Narrow fractions can also be semi-preparatively isolated 

for further analysis. Copolymer composition, along the MW distri- 

bution, was studied by Barlow ( 2 5 )  for ethylene-vinyl acetate eopo- 

lymers and styrene-butadiene rubbers. The fractions were analyzed 

by IR spectroscopy for the chemical composition, by analytical 

GPC for their molecular weight and by viscosity measurement for 

the determination of the degree of branching ; this allows for a 
complete characterization as a function of molecular weight (Fi- 

gure 10). In the same way, Mirabella (108) determined the copoly- 

mer composition as a function of molecular weight by preparative 
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Molecular Weight 

Figure 10 : Viscosity-molecular weight relationship for vinyl- 

acetate copolymers obtained by fraction analysis. 

---linear polymer ; 0-0 copolymer A ; 0----0 

copolymer B. (Reprinted with permission from ref. 25) .  

GPC of poly(styrene-co-vinylstearate) and IR spectroscopy of 
the isolaLed fractions. Using the same technique, Mirabella 

(109) studied the 1,2, 1,4-cis and 1.4 trans bond contents 

in a polybutadiene sample and deduced the polymer microstructure 

units. Low molerular weight carboxy-polybutadiene li- 
quid polymerswere fractionated by Law (110) and analyzed by 

infrared and chemical analysis. In addition, these narrow fractions 
were characterized by Vapor Pressure Osmometry and have been used 

as calibration standards for analytical GPC. Polymer tacticity 

can also be studied by preparative GPC of poly(2-methoxy-ethyl- 

methacrylate) ( I l l ) ,  NMR and GPC analysis determine the isotactic 
and syndiotactic components. 

When a very sharp distribution is not necessary, a 

crude procedure, but with a moderate loss of sample is advanta- 

geously applied. Heart-cut technique (or shaving technique), 

described in Figure I I  consists in isolating the heart of the 
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V l  v2 V 1  v2 

Figure  1 1  : The hear t -cu t  technique .  I. Whole polymer c u t  i n t o  

3 f r a c t i o n s .  11. Re- in jec t ion  of  f r a c t i o n  b. 

d i s t r i b u t i o n  by "shaving" i t s  wings. The wider t h e  cut51 t h e  b e t t e r  

t h e  y i e l d  but  t h e  h igher  t h e  p o l y d i s p e r s i t y  of t h e  p u r i f i e d  poly- 

mer. 

Because of i t s  s i m p l i c i t y ,  p r e p a r a t i v e  GPC a l s o  appears  

t o  be a very a t t r a c t i v e  sample c l e a n  up prodecure,  a s s o c i a t e d  wi th  

a n a l y t i c a l  t echniques  such a s  HPLC. A polymer can be i s o l a t e d  

from i t s  low molecular  weight contaminants  o r  high molecular  

weight i m p u r i t i e s  by tak ing  a wide hear t -cu t  (F igure  12). 
Conversely, one may be i n t e r e s t e d  o n l y  i n  t h e  components contami- 

n a t i n g  t h e  polymer, such as a d d i t i v e s  ( p l a s t i c i z e r s ,  dyes,  s t a b i -  

l i z e r s ,  e t c  ... ) f o r  t h e i r  f u r t h e r  a n a l y s i s  o r  q u a n t i t a t i o n .  

Since a d d i t i v e s  a r e  g e n e r a l l y  low molecular  weight compounds, 

p r i o r  t o  t h e i r  HPLC a n a l y s i s ,  a rough p r e p a r a t i v e  f r a c t i o n a t i o n  

of t h e  crude polymer is  achieved by GPC.  In t h i s  c a s e ,  good 

r e s o l u t i o n  i s  not  requi red  s i n c e  small  molecules  are e a s i l y  sepa- 

r a t e d  from t h e  polymer ; high l o a d s  a r e  convenient ly  i n j e c t e d  f o r  

the  p r e p a r a t i v e  p u r i f i c a t i o n  (F igure  1 2 ) .  A t y p i c a l  a p p l i c a t i o n  

i s  given by the  p r e p a r a t i v e  s e p a r a t i o n  of  p e s t i c i d e s  from poly- 

meric n a t u r a l  media such a s  l i p i d s  (112)  o r  cheese and mi lk  p r o t c i n s  

(113)  f o r  t h e i r  f u r t h e r  NPLC o r  gas  chromatographic q u a n t i t a t i o n .  The 
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Figure 12 : Clean up procedure of a crude polymer into 3 fractions : 

a = high molecular weight impurities, b = polymer, c = 

additives. 

METHOD OF OPERATION 

Recycle to collect sequence Collect to recycle sequence 
(V2 in recycle pos.) (V2 in collect pos.) 

1 .  

2. 

3. 

4 .  

Turn pump and recorder I .  Turn pump and recorder 
off off 
Flush with approximately 
151111s of solvent by ope- position 
ning & closing V I  
Turn V2 to "collect" PO- collect' sequence 
sition 
Turn pump and recorder on 4 .  Turn pump and recorder on 

2.  Turn V2 to "recycle" 

3. Flush as "recycle to 

separation is usually performed on Biobeads gel using cyclo- 

hexane as mobile phase ( 1 1 4 ) .  The pesticide isola ion technique 

has been recently improved by the use of Styragel columns with 

diisopropylether by Tillier and Devaux ( 1 1 5 ) .  In  the same way, 

complex flavor mixtures have been separated and analyzed by 

combined GPC and HPLC ( 1  16) .  

6 

IV.2.  Biopolymers 

The situation for biopolymers is appreciably different 

from other polymers. The only applicable mobile phase is water 

and biopolymers fairly often present a narrow distribution, that 

brings their GPC analysis nearer to classical liquid chromatogra- 
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phy. H i s t o r i c a l l y ,  Gel F i l t r a t i o n  h a s  been a method o f  c h o i c e  f o r  

biopolymer chromatography (117-118). A v e r y  s i g n i f i c a n t  segment 

of  l i t e r a t u r e  i s  devoted t o  t h e  p u r i f i c a t i o n  o f  p r o t e i n s ,  enzymes, 

p o l y p e p t i d e s ,  snake venoms, v i r u s ,  s u g a r s ,  e t c  ... The purpose i s  

g e n e r a l l y  p r e p a r a t i v e  and can sometimes approach t h e  i n d u s t r i a l  

l e v e l .  Biochemists  f a v o r  t h i s  method, u s i n g  a s o f t - g e l  column 

which does  n o t  need s o p h i s t i c a t e d  and expens ive  i n s t r u m e n t s .  

However, t h e  g e l s  do no t  w i t h s t a n d t h e  h i g h  p r e s s u r e  r e q u i r e d  f o r  

h i g h  speed a n a l y s i s ,  and v e r y  low f low r a t e s  should be a p p l i e d ;  

t h i s  l e a d s  t o  long expe r imen ta l  times. H v w a d a y s  , t h e  t r e n d  i s  t o  

r e p l a c e  Gel F i l t r a t i o n  by GPC u s i n g  modern aqueous pack ings .  The 

developments of aqueous GPC were reviewed by  Cooper (119) and 

Bar th  (120). Adsorp t ion  o f  p r o t e i n  molecu le s  o c c u r s  on m i n e r a l  

packings ; c o n t r o l l e d - p o r e  g l a s s  beads g r a f t e d  w i t h  g l y c e r o l  were 

developped t o  p reven t  t h i s  a d s o r p t i o n  (121-124). E n g e l h a r t  (125) 

produced chemica l ly  bonded s t a t i o n a r y  phases  based on  porous si- 

l i c a  g r a f t e d  w i t h  v a r i o u s  f u n c t i o n s .  P r e p a r a t i v e  s e p a r a t i o n s  of  

p r o t e i n s  and enzymes were performed i n  t h e  mean m o l e c u l a r  weight  

range of 10,000-100,000 on L ich roso rb -d io l  @ packing by Roumel io t i s  

and Unger (126) u s i n g  I i nch  I . D .  and 25cm long  columns a t  a f low 

r a t e  o f  2Oml/mn i n  a b u f f e r e d  e l u e n t  o f  pH 7 . 5  a t  a r e l a t i v e l y  

h i g h  i o n i c  s t r e n g t h .  The s e p a r a t i o n  i s  ach ieved  w i t h i n  6 minu tes  

whereas t h e  same s e p a r a t i o n  r e q u i r e s  s e v e r a l  hour s  w i t h  a g e l  

f i l t r a t i o n  column. Moreover, t h e  3Omg o f  s e p a r a t e d  p r o t e i n  i s  

e l u t e d  i n  o n l y  2Oml whereas Gel Chromatography p r o v i d e s  h i g h l y  

d i l u t e d  s o l u t i o n s .  Kato (127) s t u d i e d  che performances o f  t h e  

g r a f t e d  s i l i c a  TSK g e l  SW@which i s  v e r y  e f f i c i e n t  f o r  p r o t e i n  

s e p a r a t i o n  (128-129). An o r g a n i c  c r o s s - l i n k e d  g e l  (TSK g e l  PW @ 

i s  d e s c r i b e d  by Hashimoto (130) f o r  p r o t e i n  s e p a r a t i o n s .  With a 

600 x 21.5cm I . D .  TSK G 5000 PW@ p r e p a r a t i v e  h i g h  performance 

column, Himmel and Squ i re  (131) r e p o r t e d  t h e  c h a r a c t e r i z a t i o n  o f  

p r o t e i n s ,  v i r u s e s ,  r ibosomes and p o l y s a c c h a r i d e s  such a s o u t h e r n  

bean mosaic v i r u s ,  tomato bushy s t u n t  v i r u s ,  t obacco  mosaic  v i r u s ,  

t u r n i p  yel low mosaic v i r u s ,  bov ine  h e a r t  myoglobin,  human hemo- 

g l o b i n ,  s ea  worm c h l o r o c r u o r i n ,  cytochrome c ,  a p o f e r r i t i n ,  p i g  
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thyroglobul in  and bovine serum albumin. The s o l v e n t  used was lOmM 

phosphate pH 7 b u f f e r  i n  IOOmM KCL. 

With regard  t o  t h e  broad range o f  a p p l i c a t i o n s  of t h i s  

new genera t ion  of packings and a s  a r e s u l t  of t h e  t i m e  saved du- 

r i n g  s e p a r a t i o n s ,  w e  can p r e d i c t  t h a t  h igh  performance r i g i d  

packings w i l l  g r a d u a l l y  r e p l a c e  s o f t  g e l s  i n  Gel F i l t r a t i o n  

Chromatography of biopolymers and o t h e r  n a t u r a l  p roducts .  

A good example is given by t h e  p u r i f i c a t i o n  of  in f luen-  

za v i r u s ,  performed on an i n d u s t r i a l  s c a l e  i n  t h e  I n s t i t u t  P a s t e u r  

i n  Paris (132) .  The column,lOcm i n  diameter  and 120cm i n  l e n g t h ,  

i s  packed w i t h  Spherosil '  XOB 030 (100-200pm), t h e  flow r a t e  i s  

15Oml/mn and t h e  i n j e c t i o n  volume i s  50Oml. This  i n s t a l l a t i o n  i s  

automated and achieves  t h e  p u r i f i c a t i o n  o f  12  l i t e r s  of i n f l u e n z a  

v i r u s  concent ra ted  s o l u t i o n  per  day. 

V .  APPLICATION TO SMALL MOLECULES 

Since i t s  beginning,  GPC has  been a p p l i e d  t o  small mo- 

l e c u l e  s e p a r a t i o n s  (133-137). It was shown t h a t ,  as f o r  polymers, 

low molecular  weight subs tances  were separa ted  on t h e  b a s i s  of 

t h e i r  molecular volume but  t h e i r  e l u t i o n  behaviour  was more com- 

p l i c a t e d  than  f o r  polymers. F a c t o r s  a f f e c t i n g  t h e  GPC of  small 

molecules ,  mainly so lvent -so lu te  i n t e r a c t i o n s  caused by hydrogen 

bonding (138-139) and a d s o r p t i o n  of aromat ic  compounds on a l k y l a -  

ted  dext ran  g e l s ,  have been mentioned (140-143). In f a c t ,  

solvent-solute-gel  i n t e r a c t i o n s  cannot be neglec ted  i n  t h e s e  

systems and s t e r i c  exc lus ion  sometimes is not t h e  o n l y  separa-  

t i o n  mechanism. The s o l u t e  d i s s o l u t i o n  i n t o  t h e  g e l  o r  i t s  

adsorp t ion  onto  t h e  s u r f a c e  can  occur  and l e a d  t o  abnormal 

e l u t i o n  volumes (29,3@,144-149). The c a l i b r a t i o n  curve is  

r a r e l y  u n i v e r s a l ,  but  n e v e r t h e l e s s  can be c o n s t r u c t e d  for a 

family of homologous compounds f o r  molecular  weight  determina- 

t ion.  
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For t h e s e  reasons ,  t h e  technique of  GPC, a p p l i e d  t o  

small molecules is c l o s e r  t o  HPLC than t o  t h e  GPC of  polymers. 

Because of  i t s  o p e r a t i o n a l  s i m p l i c i t y ,  GPC l e n d s  i t s e l f  as an 

e f f i c i e n t  method f o r  t h e  i s o l a t i o n  of  t r a c e s  o r  l a r g e r  q u a n t i t i e s  

of  subs tances  from chemical ly  complex mixtures  f o r  subsequent  

a n a l y s i s  o r  i d e n t i f i c a t i o n .  I n  a d d i t i o n ,  o r g a n i c  c ross - l inked  g e l s  

have a g r e a t e r  c a p a c i t y  than i n o r g a n i c s  ; t h i s  i s  very advanta-  

geous f o r  p r e p a r a t i v e  work. Sample volume and c o n c e n t r a t i o n  should 

be a d j u s t e d  t o  prevent  u n d e s i r a b l e  over loading  which can  d e s t r o y  

r e s o l u t i o n .  C l a s s i c a l  microcolumns such a s  Micro-Styragel @ (5) 

packed i n t o  wide bore  tubes  (7.8mrn) a r e  w e l l  s u i t e d  f o r  sample 

s i z e s  of  l e s s  than I gram (150-151). Another advantage o f  o r g a n i c  

g e l s  wi th  regard t o  inorganic  ones, i s  t h e i r  s e l e c t i v i t y  i n  t h e  

low molecular  weight reg ion  because of  t h e i r  smal le r  pore  volume 

a v a i l a b l e .  Small o rganic  molecules  can be s e p a r a t e d  i n  o r g a n i c  

l i q u i d s  on conventional g e l s  such as Bio-Beads @ o r  Sephadex 

LH 20 (152) o r  on high speed g e l s  (lO-ll,l5l,l53), but  a l s o  

ol igomers  (152,155-157) and polymer a d d i t i v e s  (157-160). 

@ 

Because of  t h e  h igh  c o n c e n t r a t i o n  of  sample i n  t h e  e l u e n t ,  

sample c l e a n  up and f r a c t i o n a t i o n  of  complex samples f o r  f u r t h e r  

a n a l y s i s  can be performed. Shoemaker (154) i s o l a t e d  a contaminant 

m a t e r i a l  from a polymer f o r  i n f r a r e d  i d e n t i f i c a t i o n .  

The use of  porous s i l i c a  microspheres  i n  h igh  p e r f o r -  

mance s i z e  exc lus ion  chromatography of small molecules  w a s  des- 

c r i b e d  by Kirkland (161). The p a r t i c l e s  used were made w i t h  small 

pores  (<  100 A )  t o  op t imize  s e p a r a t i o n s ,  b u t  t h e  i n j e c t e d  quant i -  

t i e s  a r e  smal le r  than f o r  o r g a n i c  packings and consequent ly ,  

p r e p a r a t i v e  work is  more d i f f i c u l t .  

0 

To i n c r e a s e  e f f i c i e n c y ,  Hei tz  (162) recyc led  t h e  mobile  

phase and obta ined  good r e s o l u t i o n  i n  t h e  s e p a r a t i o n  of ol igomers  

of s t y r e n e ,  butyl-methacrylate  and e thylene  oxide .  A s p e c i a l  d e s i g n  

f o r  automatic  r e c y c l i n g  was descr ibed  by Bombaugh (163-164). (Fi-  
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gure 13) .  The r e c y c l i n g  device  c o n s i s t e d  of  a 6-port v a l v e  connec- 

t i n g  t h e  o u t l e t  of  t h e  d e t e c t o r  t o  t h e  i n l e t  of t h e  pump. When 

t h e  va lve  i s  i n  t h e  "recycle"  p o s i t i o n ,  t h e  e l u a t e  f lowing from 

t h e  d e t e c t o r  i s  cont inuous ly  re in t roduced  i n t o  t h e  column v i a  t h e  

pump. I n  t h e  " c o l l e c t "  p o s i t i o n ,  t h e  e l u a t e  passes  d i r e c t l y  i n t o  

a g l a s s  s iphon counter ,  which d e l i v e r s  c o n s t a n t  volumes i n t o  a 

f r a c t i o n  c o l l e c t o r .  This  system provides  a v e r y  h igh  r e s o l u t i o n  

without  i n c r e a s i n g  t h e  number of  columns and a c c o r d i n g l y ,  t h e  

so lvent  volume t o  be used and t h e  p r e s s u r e  i n  t h e  pump. The so lu-  

t e  passing through t h e  d e t e c t o r  and t h e  pumping system a t  each 

c y c l e ,  the  i n t e r n a l  volume of t h e  pump must be c a r e f u l l y  minimized, 

but  t h e  chromatogram i s  recorded a t  each c y c l e  as  a d i s p l a y  of  t h e  

progress ive  s t a t u s  o f  t h e  s e p a r a t i o n .  There is  no p r a c t i c a l  l i m i t  

t o  t h e  i n c r e a s e  of  r e s o l u t i o n  by adding columns and r e c y c l i n g  except  

t h e  time. The maximum r e s o l u t i o n  i s  obta ined  when t h e  fas tes t -moving  

peak over laps  t h e  s lowest  w i t h  r e s u l t a n t  remixing.  I n  t h i s  c a s e ,  i f  

t h e  s e p a r a t i o n  i s  not  completely achieved ,  i t  i s  p o s s i b l e  t o  add 

columns and i n c r e a s e  t h e  number o f  c y c l e s  and,  i f  t h e  p r e s s u r e  

i n c r e a s e s  too  much, the  f low r a t e  mustL* &lower wi th  t h e  subse- 

quent i n c r e a s e  of t h e  s e p a r a t i o n  t ime . I n  t h e  c a s e  of  two compo- 

n e n t s ,  Lesec (165) e s t a b l i s h e d  t h a t  w i t h  t h e  r e l a t i v e  d i f f e r e n c e  

between e l u t i o n  volumes .F = AV/V, t h e  p l a t e  number N of  t h e  column 

s e t  t o  be used i s  given by 

2 N 3 32 R 1 6  

where R i s  t h e  requi red  r e s o l u t i o n  (R-. 1 . 5 ) .  The subsequent  number 

of c y c l e s  t o  be run i s  g iven  by 

2 2  n = 16 R IN6 

t h a t  g ives  t h e  opt imal  number of  c y c l e s  
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METHOD OF OPERATION 

Figure 13 : Schematic diagram o f  recycle operation. (Reprinted 

with permission from ref. 69). 

also calculated by Kalasz (166). 

Oligomers (70,164,167-168) and organic small molecules 

(163-166) have been separated using this recycling technique. 

Conroe (169) used a 2 5 m  I.D. and 9 k m  long column filled with 
Styragel @ 70 1 
lg nonanedioc acid dissolved in lhl  of T.H.F. It took about 2 

hours at a flow rate of 9.9ml/mn for the complete separation. 

(37-75mp). The sample was Ig octanoic acid and 

With very high resolution, it becomes possible t o  sepa- 

rate small organic molecules with very similar structures, such 

as isomers. Acetal-alcohol diastereoisomers were successfully 

separated at a gram scale by Lesec (170-171) for further spectros- 

copic analysis. It was found that hydrogen bonding between solutes 

and solvent participated to the separation, and when THF was re- 

placed with di-isopropylether, better resolution was obtained. 
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A RI Diphenyl-2.4 pentane(300p l )  

D.1.P.E 3 .5  rnl/rnin x 6 4  
4 lOn3'poragel 6 0 i - 3 / 8 "  

I 7  

Figure  14 : Recycle s e p a r a t i o n  of  c o n f i g u r a t i o n a l  isomers  of 

2,4-diphenylpentane. (Reprinted w i t h  permission from 

r e f .  172). 

Using t h e  same chromatographic system, c o n f i g u r a t i o n a l  isomers 

were a l s o  resolved (172-173) on a gram s c a l e  (Figure 14) .  The 

molecular  s t r u c t u r e  of ol igomers  of po lys tyrene  and polyacry lo-  

phenone a r e  s i m i l a r  t o  t h a t  of  t h e  c ross - l inked  polys tyrene  g e l .  

The s e p a r a t i o n  was explained by t h e  p a r t i c i p a t i o n  of  i n t e r a c t i o n s  

between t h e  s o l u t e s  and t h e  g e l ,  enhanced by t h e  use o f  d i - i sopro-  

py le ther  a s  mobile phase which is  a poor s o l v e n t  f o r  po lys tyrene .  

Another reason  f o r  t h e  use of  d i - i sopropyle ther  is  a 

p r a c t i c a l  one. A f t e r  t h e i r  chromatographic s e p a r a t i o n ,  compounds 

a r c  c o l l e c t e d  i n  a very d i l u t e  s o l u t i o n  and t h e  s o l v e n t  must be  

evaporated o f f .  THF cannot be h a n d l e d a t a s u f f i c i e n t  degree  of  

p u r i t y  because i t  g e n e r a l l y  c o n t a i n s  non v o l a t i l e  i m p u r i t i e s  t h a t  

become concent ra ted  i n  t h e  c o l l e c t e d  f r a c t i o n s  and i n t e r f e r e  w i t h  

f u r t h e r  spec t roscopic  s t u d i e s .  Di - i sopropyle ther  does n o t  have 
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1 

4 

Figure 15 : Preparative instrument. (Reprinted with permission 

from ref. 165). 

1 .  Solvent reservoir - 2. Filter - 3. Pumping system - 
4 .  Columns - 5. Pressure transducer - 6. Valve - 7. 
Differential refractometer - 8. Waste - 9. Fraction 
collector - 10. Recycle 6-port valve - 1 1 .  Injection 
6-port valve - 12. IOOml loop - 13. Sample syringe - 
14. Solvent syringe. 

this drawback, but as it swells polystyrene gels less than THF 

(about 15% less), columns have t o  be directly packed in this 

solvent by the slurry technique. 

A preparative instrument was designed (165) on the 

same basis, but at a higher loading scale (Figure 15) .  Three 

columns (150cm length and 2.6cm I.D.) were packed with Styragel 

100 A ,  particle size 15-25;iq in di-isopropylether. The yield 

in grams per minute was checked as a function of difficulty of 

the separation. (Figure 16). For easy separations (a>2) yield 

is greater than a few grams per minute, but quickly decreases 

as difficulty increases. It is only 0.4g/mn for a = 1.25 and 

becomes very low for very difficult separations (0.04g/mn for 

(9 
0 
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Gram / minute 

LESEC 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I - / I 

I I 
I I 

I 
I 
I 
I 

I 
I 
I / .  I 

.01 .03 .05 .1 .15 6 
1.02 1.06 1.1 1.25 1.43 U 

Figure 16 : Yield of preparative GPC as a function of separation 

difficulty. (Reprinted with permission from ref. 165). 

a = 1.06). The sample size can reach lOOgrams for very easy 

separations. 

The scope of applicability of this instrument is very 

broad since it combines size exclusion and partition. The 

advantages are : 

- only one volatile solvent (di-isopropylether), 
convenient for sample recovery. 

- a high capacity gel, very efficient in the low 
molecular weight region. 
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R I  

V 

Figure 17 : Recycle chromatogram of DVB-EVB mixture. Flow rate 

40ml/mn. Sample size : 30 grams. (Reprinted with 

permission from ref. 165) .  

- a moderate quantity of mobile phase because o f  

recycle capability. 

- a yield of few grams per minutes with loadings up 
t o  IOOgrams for easy separations. 

The disadvantages are : 

@ - no commercially Styragel column is packed in this 

solvent and columns must be home-filled, 

- the solute must be soluble in di-isopropylether. 

Many isomeric mixtures (diastereoisomers, configura- 

tional isomers, etc ...) were fractionated. A good example is 

given by the purification of crude divinylbenzene ( D . V . B . ) ,  a mix- 

ture of divinylbenzene and ethylvinylbenzene ( E . V . B . ) .  At low 

efficiency, a sample loading of  30grams leads t o  the complete 
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R I  t 
LESEC 

2 5 10 18 

W 

Figure 18 : Recycle chromatogram of DVB-EVB mixture .  Flow r a t e  

40ml/mn. Sample s i z e  : 5 grams. (Reprinted w i t h  

permission from r e f .  165). 

s e p a r a t i o n  of t h e  two components w i t h  a y i e l d  of  0.19g/mn. (Figu- 

r e  17). But a t  high r e s o l u t i o n  wi th  o n l y  5grams i n j e c t e d ,  18 c y c l e s  

provide t h e  s e p a r a t i o n  of  meta and para  isomers of DVB a t  o n l y  

7mg/mn (Figure 18). The EVB peak was c o l l e c t e d  a t  t h e  2nd c y c l e .  

F i n a l l y ,  l e t  us mention an a l t e r n a t e  approach f o r  

recyc l ing .  The a l t e r n a t e  pumping p r i n c i p l e  (167-168 ,174) u s e s  

two columns and a 6-port va lve  f o r  swi tch ing  t h e  columns (F igure  

19). When e l u t i n g  from one column, t h e  s o l u t e  i s  introduced i n t o  

t h e  o t h e r  column v i a  t h e  va lve  wi thout  pass ing  through t h e  pump. 

Following e l u t i o n  from t h e  second column, t h e  v a l v e  is switched 

and sample introduced aga in  i n t o  t h e  f i r s t  column. This  procedure 

is  repeated t o  r e c y c l e  sample a l t e r n a t e l y  through the  two columns. 

The advantage of t h i s  procedure is  t h a t  dead volumes are reduced 

t o  a minimum, preserv ing  t h e  complete r e s o l u t i o n  of columns ; b u t ,  

two column s e t s  a r e  requi red  i n s t e a d  o f  one and an automatic  

switching device must be  i n s t a l l e d  f o r  convenient  o p e r a t i o n .  
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Syphon 
Counter Y 

Figure 19 : Schematic diagram of the alternate pumping recycle 

system. (Reprinted with permission from ref. 168).  
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