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STUDY ON THE CONCENTRATION EFFECTS 
IN GEL PERMEATION CHROMATOGRAPHY. 
II. A MODEL THEORY OF CONCENTRATION 
EFFECTS FOR POLYDISPERSED POLYMERS 

Song Mingshi and Hu Guixian 
Department of Polymer Science 

Beijing Institute of Chemical Technology 
Beijing, The People’s Republic of China 

ABSTRACT 

I n  t h i s  paper a model theory of concentration 
e f fec ts  f o r  polydispersed polymers w a s  presented. It is 
based these f a c t s  and assumptions t h a t  t he  t o t a l  con- 
cent ra t ion  e f f e c t s  are considered as the  summation of 
the individual concentration e f f e c t ,  tha t  each e f f e c t s  
have a l so  been explained a s  the consequence of both the 
reduction of hydrodynamic volumes and the v iscos i ty  
phenomena of each species  , and the entanglements 
between t h e  macromolecules a re  negligeable. The rela- 
t ionships  between the  concentration of in jec ted  solu- 
t i o n s  with the hydrodynamic volumes,the e lu t ion  volumes 
and the polydispersed index of hydrodynamic volumes 
were derived from t h i s  model theory. I t  can predict  
quant i ta t ive ly  the e f f e c t s  of concentration on the 
s h i f t  of peak e lu t ion  volumes, t he  axial spreading and 
the skewing e f f ec t s  f o r  polydispersed polymers. 
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INTROWCTION 

MINGSHI AND GUIXIAN 

The e f f e c t s  of sample concentration on ge l  permea- 

t i o n  chromatography (GPC)  e lu t ion  volumes and hydro- 

dynamic volumes f o r  polymers wi th  narrow molecular 

weight d i s t r ibu t ion  are w e l l  es tabl ished (Ie5). Peak 

e lu t ion  volumes tend t o  increase w i t h  increasing concen- 

t r a t i o n  i n  the  feed t o  the GFC columns. The concentra- 

t i o n  e f f e c t  is more pronounced f o r  higher the molecular 

weight of the polymer and higher concentration. The se- 

ve r s i ty  of  concentration related-effects  i n  the e lu t ion  

volumes and hydrodynamic volumes a l so  depends on solvent 

goodness, and i n  thezsolvents GPC e lu t ion  volumes a re  

e s sen t i a l ly  independent of concentration. 

The concentration e f f e c t s  of  polymer wi th  narrow 

molecular weight d i s t r ibu t ion  i n  the GPC solvents have 

been characterized by a simple model theory ( 6 )  which 

accounts quant i ta t ively f o r  such e f f e c t s  i n  terms of 

polymer molecular weight, v i scos i ty  and concentration. 

T h i s  model theory can be extended d i r ec t ly  t o  serve as 

universal  ca l ib ra t ion  method which takes account of the 

concentration e f f e c t s  of narrow molecular weight d i s t r i -  

but ion standards. I n  t h i s  appl icat ion,  the e f fec t ive  

concentrations of the narrow d i s t r ibu t ion  polymers i n  

GpC separat ion process a re  taken t o  be equal t o  the  

respective concentration of the solut ions which a re  

in jec ted  in to  the columns, since a monodispersed speci- 
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CONCENTRATION EFFECTS IN GPC 365 

men would t r a v e l  through the apparatus as a s lug  i n  the  

absence of spreading and skewing. The ca l ib ra t ion  curve 

derived i n  t h i s  manner reduced t o  t h a t  of Crubic, 

Rempp, and Benoit when the concentration e f f e c t s  a re  not 

s ign i f icant  . 
For a specimen w i t h  broad d i s t r ibu t ion  and higher 

concentration the  e f f e c t s  of concentration on the  s h i f t  

of peak elut ior .  volumes, the ax ia l  spreading and the 

skewing must be considered a t  the same time. A s  given 

by Blasdon ( 7 )  the higher concentration of whole poly- 

mers i n  good solvents  can cause d i s to r t ion  of chromato- 

grams and show a marked t a i l i n g ,  Therefore i n  t h i s  ar- 

t i c l e  we attempt t o  develop a new model theory f o r  broad 

d i s t r ibu t ion  polymers which can predic t  the  s h i f t  of 

peak e lu t ion  volumes, t h e  ax ia l  spreading and skewing 

of the  polymeric chromatograms. T h i s  model theory is  

based on the f a c t s  and assumptions t h a t  the  t o t a l  con- 

cent ra t ion  e f f e c t s  a r e  considered as the summation of 

each individual concentration e f f e c t ,  t he  each indivi-  

dual concentration e f f e c t  has a l so  been explained as the  

consequence of both the reduction of the  e f f ec t ive  hy- 

drodynamic volumes and the viscosi ty  phenomena of  each 

species,  and t h a t  when the  product of the  concentration 

and the  i n t r i n s i c  v i scos i ty ,  [ l ] C ,  i s  below one, the 

entanglement e f f ec t  between the macromolecules is  negli-  

geable. 
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366 MINGSHI AND GUIXIAN 

THEORY 

7. C h a r a c t e r i s t i c s  of Chromatograms by Hydrody- 

namic Volumes 

According t o  Tung(8) t h e  chromatogram of t h e  poly- 

mers i s  t h e  convolution of two d i s t r i b u t i o n s .  One i s  the 

d i s t r i b u t i o n  C(v) of the polymers as a func t ion  of elu- 

t i o n  volumes v ,  C(v)dv is  the  amount of  polymers with an  

e l u t i o n  volume between v and v + dv, and G(v-ve) i s  the 

a x i a l  d i s p e r s i o n  func t ion  of instrument.  I t  represents  

t he  shape of the  chromatogram for a monodispersed sample 

w i t h  e l u t i o n  volume ve 

a r e a  between the  curve and t h e  e l u t i o n  volume axis .  

and normalization a t  uni ty  of the 

T h i s  chromatogram, then,  has the  following equation: 
OQ 

F(ve) = ~ C ( V )  G(v-v,) dv 

where F(ve) i s  t h e  response of a d e t e c t o r  s e n s i t i v e  t o  
-00 

t h e  concentrat ion and joF(ve)dve is t h e  t o t a l  amount of 

polymer i n j e c t e d  . 
The first hypothesis we s h a l l  make is t o  asuume t h a t  

G(v-ve) i s  Gaussian d i s t r i b u t i o n  and has the  fol lowing 

e qua t i o  n ; 

G(v-v,) - 1 exp {- (v-ve)2 
f i U  2 6  2 

where u I s  t h e  a x i a l  d i spers ion  parameter. This  assump- 

t i o n  i s  not  l i m i t i n g  the g e n e r a l i t y  of our  s o l u t i o n ,  

s i n c e  i n  p r a c t i c e  w i t h  an apparatus  i n  good working con- 
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CONCENTRATION EFFECTS IN GPC 361 

d i t i o n s ,  t h e  curve obtained f o r  a narrow dispersed  poly- 

mers has always t h i s  shape. 

Another approximation is r e l a t e d  t o  t h e  c a l i b r a t i o n  

curve. I t  i s  be t te r  t o  use t h e  universa l  c a l i b r a t i o n  and 

t h e  hydrodynamic volumes vh t o  c h a r a c t e r i z e  t h e  S e t  o f  

columns. I n  t h i s  case, one w i l l  write 

v-ve = A In ( Vh/Vhe ) ( 3 )  

If we  use these  r e l a t i o n s  , 
it i s  poss ib le  t o  change t h e  v a r i a b l e  v t o  t h e  q u a n t i t i e s  

vh , t h e  concentrat ion o f  polymers with e l u t i o n  volumes 

C(v)dv is transformed t o  the  C(Vh)dVh , t h u s  w e  have 

Vho = (73.M and [yl = K O  IY& 

F(Vh) = mim ’ OD C(Vh)exP{(A2/2u2) In(Vh/Vhe)}duh ( 4 )  

The quant i ty  under t h e  i n t e g r a l  is the  c o n t r i b u t i o n  of 

polymer with t h e  hydrodynamic volunes between vh and 

vh+ dvh. The c(Vh) represents  t h e  t r u e  or t h e o r e t i c a l  

chromatogram of t h e  sample. The F(Vh) i s  t h e  observed 

or experimental  chromatogram which has broaden by t h e  

chromatographic column disporsion process. For narrow 

dispersed polymers the  func t ion  of F(Vh) ,usua l ly  has 

t h e  Wesslau type of d i s t r i b u t i o n .  

a j .  Concentration Dependence of Hydrodynamic Volumes 

According t o  our model theory the e f f e c t i v e  hydrody- 

namic volumes, Vhc, of a solvented polymer molecule with 

monodisperse a t  a given concentrat ion,  C ,  i s  def ined  as 

follows: 
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368 MINGSHI AND GUIXIAN 

where p is the  volume cont rac t ion  c o e f f i c i e n t .  

creases with increas ing  concentrat ion,  C ,  t h e  spe- 

c i f i c  v iscos i ty ,  Isp, and t h e  i n t r i n s i c  v i scos i ty ,  [TI . 

It  de- 

For polydispersed polymer t h e r e  a r e  j kinds of 

molecules w i t h  d i f f e r e n t  e f f e c t i v e  hydrodynamic volumes, 

vhcj.  A t  a given concentrat ion t h e  weight average 

e f f e c t i v e  hydredynarnic volumes which has been cor rec ted  

the  a x i a l  d i spers ion  may be c a l c u l a t e d  by t h e  fol lowing 

equation: 

where V i s  t h e  e f f e c t i v e  hydrodynamic volume o f  t h e  

solvented molecules f o r  t h e  j t h  kind; wj 
f r a c t i o n  of molecules f o r  j t h  kind. 

hc 3 
is  t h e  weight 

S u b s t i t u t i n g  t h e  equat ion of ( 5 )  i n t o  t h e  equat ion 

of ( 6 )  y i e l d s  

(6'  ) 
'csp j / C  j 00 

11 CVhojI 
[ 7% 

= c poCexp{- 
j =I 

("hc)w 

where Po = e,  a constant .  For  each monodispersed poly- 

mer t h e  I s d C  j may be expressed by the r e l a t i o n  ( 9 )  
CTlj 

Therefore t h e  equat ion of (6 ' )  may be w r i t t e n  as 

follows: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CONCENTRATION EFFECTS IN GPC 369 

m 

I n  the equation of (8) the summation is w i t h  respect t o  

t h e  j of Wj,  C j ,  and [llj. But t h e  average values t o  be 

calculated is  the weight average of hydrodynamic vo- 

lumes, therefore  it i s  necessary t o  change the C [ 3 t o  

the hydrodynamic volumes, Vhcj ,  by the r e l a t i o n  
j ' I 3  

where C = C ./M it represents  the  mole concentration 

of molecules f o r  j t h  kind. Subst i tut ing t h i s  r e l a t ion  

in to  the equation of (8) y ie lds  

j M  J 3 '  

when the mole concentration is expressed by t h e  weight 

mole f r ac t ion ,  the equation of (9)  may be rewri t ten as 

f 0110 w s  : 
M 

(10) 
Taking the  average we have 

where KH i s  the Huggins coef f ic ien t  which r e f l e c t s  the 

polymer-solvents in te rac t ion ;  K' i s  a constant ; 

the  mole concentration f o r  the whole polymer molecules; 

(Vho)w i s  the  weight average hydrodynamic volumes a t  

i n f i n i t i v e  d i lu t ion ,  it is  independent on the concen- 

54 is 
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370 MINCSHI AND GUIXIAN 

t r a t i o n ,  b u t  it is  only determined by t h e  molecular 

weight, i t ' s  d i s t r i b u t i o n  of t h e  sample and t h e  polymer- 

so lvents  sys tems.  A t  r e l a t i v e l y  low concentrat ion t h e  

equation of (10 ' )  reduces t o  

( v h ~ > w  = ('ho)w eXIJ -(KH(Vho)w cM) (11) 

I t  i s  usual ly  assumed(") t h a t  t h e  d i s t r i b u t i o n  of  

t h e  s tud ied  polymers obeys t h e  logari thmic normal func- 

t i o n .  Then t h e  <vho)w may be expressed by t h e  rela- 

t i o n (  12) 

where Qlw represents  a cor rec ted  f a c t o r  f o r  

weight d i s t r i b u t i o n  obtained by t h e  method of weight 

average of hydrodynamic volumes, it is  t h e  func t ion  of 

po lydispers i ty  index and polymer-solvents systems. Sub- 

s t i t u t i n g  t h i s  r e l a t i o n  i n t o  equat ions of (10')  and (11) 

y i e l d s  

molecular 

= q1fiwQIwexp - { KH q 1  Ql& + K ' q l  2 2 2  Q l w  c 1 
('hc) w 

(13) 

( 7 4 )  

and 

(vhc)w = l ~ I i " l w Q l w e ~  - (KI-L[jj Q l w  '1 
where C i s  t h e  weight concentrat ion f o r  t h e  whole poly- 

mers. 

b). Concentration Dependence of GPC Elu t ion  Volumes 

I t  is  known t h a t  t h e  average e f f e c t i v e  hydrodynamic 

volumes of polydispersed polymers i s  n o t  unique func t ion  
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CONCENTRATION EFFECTS IN GPC 37 1 

of t h e  e l u t i o n  volumes of  peak. For  e s t a b l i s h i n g  t h i s  

r e l a t i o n  between them w e  have proposed a cor rec ted  

method(l3). I n  which a cor rec ted  f a c t o r  Qzw was de- 

r ived.  it is  shown t h a t  QZw is the  funct ion of t h e  

polydispers i ty  index of molecular weight d i s t r i b u t i o n ,  

t he  i n t r i n s i c  v i s c o s i t y ,  t h e  concentrat ion and the poly- 

mer-solvents sys tems.  I t ' s  .ana ly t ica l  form is  given i n  

e lsewhere( l3) .  Introducing t h e  above cor rec ted  f a c t o r  

i n t o  the  equationrof (13) and (14) ,  t h e  e f f e c t i v e  hy- 

drodynamic volumes of peak, Vhcp, may be w r i t t e n  i n  

t h i s  form 

4 

where a and b are the cons tan ts  of un iversa l  c a l i b r a t i o n  

equation, ves i s  the  e l u t i o n  volumes of peak a t  a given 

concentrat ion.  The equat ions of (17) and (18) may be 

r e w r i t t e n  i n  t h i s  form 
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372 MINCSHI AND GUIXIAN 

V e s =  Veos+ KHCjIQ1n C / b  (20) 

where Veos=[a-ln( [q] i w ) - h ( Q ~ w / Q ) ) / b ,  Qln is  a corre- 

c t e d  f a c t o r  f o r  molecular weight d i s t r i b u t i o n  obtained 

by t h e  method of number average hydrodynamic volumes, it 

i s  a l s o  only t h e  func t ion  of po lyd i spe r s i ty  index and 

polymer-solvents sys tems,  b u t  it d i f f e r s  from t h e  Q q w .  

Q i s  a c o r r e c t e d  f a c t o r  f o r  po lyd i spe r s i ty  index of  hy- 

drodynamic volunes a t  t h e  i n f i n i t i v e  d i l u t i o n .  

When t h e  po lyd i spe r s i ty  index of molecular weight 

Q = 1 d i s t r i b u t i o n  i s  equal t o  one 

and Qzw = 1 ) . 
spec t ive ly  reduce t o  vhc' [?]M exp-(KH (ij) C) and ves= 

[a-ln lj] M)/b+(KH/b) [i] C . 
o t h e r  r e s u l t s  ( ) . 

( Q l w  = 1 ,  Qln = 1 ,  

then the  equat ions of ( 16) and (20) re- 

They are i d e n t i c a l  w i t h  t h e  

c ) .  Cor re l a t ion  between (dve,/dC) = Ks and (q]  o r  A2M 

The c o r r e l a t i o n  between t h e  concentrat ion dependence 

o f  e l u t i o n  volumes and t h e  i n t r i n s i c  v i s c o s i t y ,  [T] , of 

i n j e c t e d  polymers may be expressed by the  fol lowing equa- 

ti on : 

K s  = dVes/dC = ( K H I [ T I Q ~ ~ ) / ~  (21) 
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CONCENTRATION EFFECTS IN GPC 313 

For polydispersed polymer i n  good solvents  the second 

v i r i a l  coef f ic ien t  A2 i s  proportional t o  t h e  molecular 

weight according t o  the re la t ion(  14) 

The low values of V indicates  a week intermolecular ex- 

cluded-volume e f f ec t ,  V i s  a?proximately equal t o  the 

difference (1-d)(3), d being the exponent of r e l a t ion  

K Md. KA2 i s  a constant. QA2 is a corrected f ac to r  

for polydispersity . Subst i tut ing the above r e l a t ion  i n t o  

the equation of (22 )  y i e lds  

Combining the  equations of (21) and (22), we f ina l ly  g e t  

the  expression of dv,,/dC a s  a function of A2M 

where K n l =  KH .K/bKA2. For a given polymer-solvent-columns 

i t ' s  value i s  determined by KH, b, K ,  and KA2. 

a l l  constants. Equation of (23) shows t h a t  (dVes/dC) in- 

creases w i t h  increasing A S w  Q . 

They a r e  

Qln  
A 2  

A t  thea condition A2= 0, then the equations of (16) 

and (20) respectively reduce t o  
h 

Vhce = c ~ l M w ( Q l w / Q 2 w )  ( 2 4 )  

Vese = (a - l n ( ( ~ ] o f i w Q ~ w )  + I n  Q]/b 
and 

(25) 
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374 MINGSHI AND GUIXIAN 

The equations of (24) and (25) show t h a t  the concentration 

e f f e c t  i s  non-existent. When the  polydispersity index o f  

molecular weight d i s t r ibu t ion  is equal t o  one (Qlw=I, QZw=I 

and Q=1), then t h e  equations of (24) and (25) respect ively 

reduce t o  the Vhce=[y]eM and veSO= [a - ln([?]*M)]/b. They 

are ident ica l  w i t h  the  other  resu l t s (6) .  

2. Concentration Dependence of Polydispersity Index f o r  

Hydrodynamic Volumes 

a. The Average Hydrodynamic Volumes of True Fblymer 

According t o  the de f in i t i on  the  weight and number 

average hydrodynamic volumes of t he  or ig ina l  polymer a t  a 

given concentration and i n f i n i t i v e  d i lu t ion  which has been 

corrected the ax ia l  dispers ion a re  given by the following 

equation: 

For i n f i n i t i v e  d i lu t ion  

For  a given concentration 
Q) 

('hc w k  = '('hc hcdV hc 
0 

and 
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CONCENTRATION EFFECTS IN GPC 315 

Where vhC = vho exp - { K ~ V ~ ~ * C # ) .  

t i o n  and it obeys the  Mark-Houwink r e l a t ion  (?I- KEd, then 

the d i s t r ibu t ion  function C(Vh) has the following form: 

I f  t he  polymers has a Wesslau type d i s t r ibu t ion  func- 

.. 

where r*= u/A. Then the equations of (26), ( 2 7 ) ,  (28) and 

(29) may be rewri t ten i n  the following form: 

For i n f i n i t i v e  d i lu t ion  

For  a r e l a t ive ly  lower concentration 

where Vhoe i s  the  hydrodynamic volumes of peak. 

b). The Polydispersity Index of Hydrodynamic Volumes f o r  

True Polymer 

The polydispersity index of hydrodynamic volumes which 

has been corrected ax ia l  dispersion a t  a given concentration 

and i n f i n i t i v e  d i lu t ion  can be obtained from the  de f in i t i on  

and they a re  given as follows: 
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For i n f i n i t i v e  d i lu t ion  

DO = <Vhow)c/(vhon)c = exp(r") 

For a given concentration 

I n  the equation of (32) Qln is  always smaller than t h e  Qlw. 

Thus the  exp{KH[?]C(Qln- Q,w)} i s  always less than one. 

T h i s  r e s u l t  shows t h a t  the polydispersity index of hydro- 

dynamic volumes a t  a given concentration i s  narrowed. The 

degree of narrowing i s  not only determined by the concen- 

t r a t i o n ,  but  a l so  by the polydispersity index of molecular 

weight d i s t r ibu t ion .  I t  decreases w i t h  increasing the con- 

centrat ion,  C, the  polydispersity index , (Mw/Mn) , t h e  poly- 

mer-solvent system,( d ), and the  i n t r i n s i c  v i scos i ty ,  [73 . 
I n  cont ras t  t o  the  hydrodynamic volumes, the  width of 

the chromatogram f o r  the  e lu t ion  volumes i s  broaden by the 

concentration e f fec ts  through the r e l a t ion  d V h D  = 

a exp(-baveD) . 
width of  chromatogram for hydrodynamic volumes due t o  the 

concentration e f f e c t s ;  A V ~ ~  represents  t he  increment of 

t he  width of chromatogram f o r  e lu t ion  volumes due t o  the 

concentration e f f ec t s .  The above r e l a t ion  demonstrates 

t h a t  the increment of width of chromatogram f o r  e lu t ion  

volumes increases  w i t h  decreasing the width o f  the chro- 

matogram f o r  hydrodynamic volumes. It i s  easy t o  show 

t h a t  when the sample has a monodispersity index (Qlw= Qln) 

Where a V h D  represents  t he  decrement of t he  
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then the  Dc is equal t o  the  Do, so t ha t  the  axial spread- 

ing due t o  the concentration e f f e c t s  has no longer exis- 

t e n t .  

3 .  Dependence of Concentration on the  Skewing Effect 

a ) .  The Average Hydrodynamic Volumes of Uncorrected 

Axial Dispersion 

The response of hydrodynamic volumes for a general &- 

t ec tor  a t  a given concentration i s  given by the equation 

of (4) .  Under the in t eg ra l  s ign,  we have the product o f  

two functions; one i s  sharped, i t s  shape being governed 

by the eff ic iency of the column s e t  through the parameter 

r* and the  Concentration e f f e c t s  through the K H [ i ]  C Qi, 

quantity;  the other one is  used t o  character ize  the poly- 

d i spers i ty  of the or ig ina l  samples. If the  polymer dis- 

t r i bu t ion  function C(Vh) is considered as a function of 

I n  Vh, then a t  a given concentration the weight and 

ber  average hydrodynamic volumes of uncorrected ax ia l  

dispersion may be calculated by the Marais's (I5) method 

of in tegra t ion  w i t h  t he  equation of ( 4 ) .  These r e s u l t s  

a r e  given as follows: 

num- 

4 C" 1 C" 1 C'C" 
[1+,+*c'+,, ( -+ - - - -  -13 (33) C 2c 2 c 2 c2 
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( 34) 

A t  a given concentration the polydispersity index of 

hydrodynamic volumes of uncorrected ax ia l  dispersion is 

given as follows: 

%c= (vhcw)uc/ < "hcn)uc 

4 C" C ' *  
= ExP(K&lC(Ql*-Q,w)) eXP{fi) [I + I"c (r- -7 ' 1  

( 3 5 )  
I n  the  equation of (35) the Qln i s  always smaller than 

the  Qlw. Then the exp[KH[~JC(Qln- Qlw)] i s  always l e s s  

than one, so t h a t  the polydispersity index of hydrodyna- 

mic volumes a t  a given concentration i s  always narrowed. 

Where C,  C ' ,  C", and C" a r e  the Newton's expansion 

coef f ic ien ts ;  ( v ~ ~ ~ ) ~ ~  and (vhcn)uc a re  the weight and 

number average hydrodynamic volumes of uncorrected ax ia l  

dispers ion a t  a given concentration. 

b). Dependence o f  Concentration on The Skewing Effects  

A t  a given concentration the r a t i o s  of the average 

hydrodynamic volumes of corrected and uncorrected ax ia l  

dispers ion can be obtained from the  equations of (28'), 

(29' ) , (33)  and ( 3 4 ) .  They are  given a s  follows: 
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and 

1 = -  
A W  

Owing t o  the presence of skewing e f f e c t s  the  equations o f  

( 3 6 )  and (37)  are no longer  on an e q u a l i t y  wi th  both side. 

Therefore the skewing effects can be charac te r ized  by 

Balke '  , (I6) method. We have 

I t  is usual  t o  assume t h a t  

S u b s t i t u t i n g  t h e  equat ion of (39) i n t o  t h e  equat ion 

of (38) y i e l d s  

Then s u b s t i t u t i n g  t h e  value of B1 i n t o  the equat ion of 

(391, we have 
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Where (Vhcw)c(*,SK) and (Vhcn)c(fi,SK) represent the 

weight and number average hydrodynamic volumes having 

been corrected ax ia l  spreading and skewing e f f ec t s  a t  

a given concentration. 

The ve r i f i ca t ion  of t h i s  theory by experiments w i l l  

be reported i n  the  next paper, 
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