
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Study On The Concentration Effect In Gel Permeation Chromatography. I.
A New Model Theory For Concentration Dependence Of Hydrodynamic
Volumes And Gpc Elution Volumes
Song Mingshia; Hu Guixiana

a Department of Applied Chemistry, China University of Science and Technology, Hefei, Anhui,
People's Republic of China

To cite this Article Mingshi, Song and Guixian, Hu(1985) 'Study On The Concentration Effect In Gel Permeation
Chromatography. I. A New Model Theory For Concentration Dependence Of Hydrodynamic Volumes And Gpc Elution
Volumes', Journal of Liquid Chromatography & Related Technologies, 8: 14, 2543 — 2556
To link to this Article: DOI: 10.1080/01483918508076588
URL: http://dx.doi.org/10.1080/01483918508076588

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/01483918508076588
http://www.informaworld.com/terms-and-conditions-of-access.pdf


JOURNAL OF LIQUID CHROMATOGRAPHY, 8(14), 2543-2556 (1985) 

STUDY ON THE CONCENTRATION EFFECT IN 
GEL PERMEATION CHROMATOGRAPHY. 1. 
A NEW MODEL THEORY FOR CONCENTRA- 
TION DEPENDENCE OF HYDRODYNAMIC 
VOLUMES AND GPC ELUTION VOLUMES 

Song Mingshi and Hu Guixian 
Department of Applied Chemistry 

China University of Science and Technology 
Hefei, Anhui, People's Republic of China 

ABSTRACT 

A new model theory foi? concentration dependence of 
hydrodynamic volumes and GYC elution volumes was prop- 
osed. In this theoretical model both the reduction of 
hydrodynamic volumes and the viscosity phenomena in the 
interstitial volume are taken into account at the same 
time. The effective hydrodynamic volumes, Vhs, of a 
solvated macromolecule decrease with increasing reduced 
viscosity, (&,/c), and the GPC elution volumes,Ves, 
increase with increasing concentration, c, and intrinsic 
viscosity,[?), respectively according t o  the following 
relations 

and 

Ve s =Ve o+ +- k 0 +c k'r f = 

2543 
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2544 MINGSHI AND GUlXlAN 

This theory was used to predict the effects of 
polymer concentration on the hydrodynamic volumes of 
solvated macromolecules and peak elution volumes and 
to deduce the correlation between (w)c-ro, the in- 
itial slope of concentration dependence of elution 
volumes, and the intrinsic viscosity, [qJ , in G P C  
analysis. Some G P C  observations with porous glass 
packings are in excellent agreement with these predic- 
t ions. 

INTRODUCTION 

In previous papers ( ' - 3 )  a number of methods for the 
evaluation of k and d parameters from the combination 
of G P C  and Cql or M measurements and for the construc- 
tion of universal calibration equation with polydispers- 
ed samples have been presented. 

It must be all performed in very low concentration 
of injected polymer solution. At higher concent a ion 
the effects of shift of ea,k elution volumes'$? the 
axial spreadingtee and the ciromatographic skewing( 6)  
must be considered. These three effects are commenly 
designatied as concentration effect which complicates the 
construction of universal calibration, the determination 
of polymer molecular weight and its distribution func- 
tion by G P C  analysis. In order to obtain the true un- 
iversal calibration CU~VQ, the polymer molecular weight 
and its distribution function it is very important to 
study the concentration effect. It can be divided into 
three main parts: the shift of the peak elution volumes, 
the spreading function and the skewing effect. 

As Rudin(7) pointed out that the effective concen- 
tration of the narrow distribution polymer in G P C  separa- 
tion process may be taken to be equal to the respective 
concentration of the solution which are injected into 
the columns. Since a monodispersed specimen would 
travel through the apparatus as a slug, without dilution, 
in the absence of spreading and skewing effects. There- 
fore in this study the first effect will be concerned 
only, that is, concentration dependence of hydrodynamic 
volumes and G P C  elution volmes for narrow distribution 
polymers. The other two will be reported in furture. 

Experimental results( 7-81 show that the concentra- 
tion effect is more pronounoed for higher polymer 
rcolecular weight and higher concentration. This effect 
decreases as the thermodynamic quality of G P C  solvents 
deteriorates and is practically non-existent in theta 
solvents. 
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CONCENTRATION EFFECT IN GPC. 1. 2545 

Rudin(7) and Yamakawa(9) explained the Concentra- 
tion effect ,,,s LL consequence of the reduction of the 
effective hydrodynamic volumes of solvated 01 mer 

dered the concentration effect as a result of the 
several participating processes, the predominate one of 
these processes consists in viscosity phenomena in the 
interstitial volume. I n  this paper a new model theory 
was proposed in which both the reduction o f  the hydro- 
dynamic volumes and the viscosity phenomena in the in- 
terstitial volume were all taken into account. 

coils with increasing concentration. Janca P T  10 consi- 

THEORY 
Model Theory of Yamakawa(’) and Rudin ( 7 )  

At present, two model theories were deduced by 
Yamakawa and Rudin independently. Both of them are 
founded on the same basis of the unswollen volume, v, 
of a polymer molecule. The hydrodynamic volume, Vhc, 
of a solvated polymer molecule is defined as 

( 1 )  
3 

vhc = va(s =vc ( di=E 1 

3 Where dgand t are volume expansion coefficients. The 
perturbation theory of Yamakawa( 9 )  predicts that 
decreases with increasing concentration, c, according 
to 

d s  

$= d, e x p  f - 0 . 3 4 5 ~ & ( S 0 ) ( ~ l s C ]  ( 2 )  

In the theory of Rudin f and C are linearly related 
between the two limits,€= to, C=O and E = I ,  C=Cx. This 
assumption lea.ds to the equation ( 3 )  in which an ex- 
pression for is a function of C. 

Substituting equation (2) and ( 3 )  into equation (l), 
then taking logarithm we have the following expressions: 
Concentration DeDendence of Hvdrodsnamic Volumes 
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2546 MINGSHI AND GUIXIAN 

Concentration Dependence of GPC Elution Volumes 

%y = v a y  + *z?m,llv~et ( 6 )  

and 

In the above model theory there are quite a few of 
marked deficien i s *  It shows a inarked deviation from 
the experiments?77 (cf Figure 6b, in ref. 7b) at 
higher molecular weight and relatively higher concentra- 
tion; It can not predict the ex eriment 1 facts that 
k s = e i s  propertional to ) (aP or f o r  linear 
polymers; There are a lot o!! parameters to be deter- 
mined in their expression, And the viscosity phenomena 
in the interstitial volume is not taken into account. 
Therefore it is necessary to develop a more simple and 
more quantitative model theory in which both the re- 
duction of hydrodynamic volumes and the viscosity 
phenomena in the interstitial volume should be all con- 
sidered. 
A New Model Theorv 
a) Concentration DeDendence of Hvdrodvnamic volumes 

Our model theory is started from the baais of the 
effective hydrodynamic volume, Vho= CIlM, of a solvated 
polymer molecule at infinite dilution. The effective 
hydrodynamic volume, Vhs, of a solvated polymer molecule 
at a given concentration, c, is defined as 

In opposite to the model of Yamakawa and Rudin, 

where & is volume co traction coefficient. 

nomena are connected with the change in concentration 
of solution and specific viscosity of an injected 
polymer Toytion. 
Yamakawa 9 
concentration, c, and specific viscosity, 7 , according 

Recently Janca( 10 P found that the viscosity phe- 
Therefore we follow the method of 

and assume that ( 3 ~  decreases with increasing 

to the relation sf 
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CONCENTRATION EFFECT IN CPC. I. 2541 

where 7s 
viscosit& and ltp is intrinsic viscosity. 
concentration of solution approaches to zero, ( 
is equal to Q] , then ( 7gp /C)/[Q] =1 and I =  &e-I . 
Therefore (3, =e, a constant. 

concentration, c, according to the following equation 

is specific viscosity, ( ?lp/c) is reduced 
When the 

( 1 1 )  
The reduced viscosity increpses with increasing 

At relatively low c nc ntration equation (10) reduces 
to Huggins equation 9 7  12 

( I C ‘  j 

where is Huggins coefficient which reflects polymer- 
solvent interaction. For flexible polymer molecules in 
good solvents kn is often near C.35, Some what higher 
values occur in poor solvents. 

Substituting equation ( 1 0 )  into equation ( 9 )  
yields 

At relatively low concentration equation ( 1 1 )  reduces 
to 

VhS =[7JPlhe*p-f l+ hc71C) ( 1 1 ’ )  

Jquation ( 1 1 ’ )  is completely identical with equation 
( 4 ) ,  but it is more simple than equation (4) and con- 
tains only a Huggins coefficient to be determined. 
b) Concentration DeDendence of GPC Elution Volumes 

Taking logarithm to equation ( 1 1 )  yields 

At relatively low concentration equation ( 1 2 )  reduces to 

.c”vhc =a-b\Je$ =bl((1]H)-k~(7lc ( 1 2 ’ )  
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2548 MINGSHI AND GUIXIAN 

where a and b are t h e  cons tan ts  of u n i v e r s a l  c a l i b r a t i o n  
equation, Ves i s  peak e l u t i o n  volume a t  a given concen- 
t r a t i o n .  Equation (12)  and ( 1 2 ' )  can be r e w r i t t e n  i n  
t h e  form 

and 

where Veog= w. 
i d e n t i c a l  w i t h  equat ion ( 6 ) .  But i t  is  more simple t h a n  
equat ion ( 6 )  and only conta ins  a Huggine c o e f f i c i e n t .  I t  
can p r e d i c t  t h a t  I< 
t i o n a l  t o  L n J  . 

Equation (13 ' )  i s  completely 

dyes = h n K  where ks is proper- s=( dc ) 

c )  Corre la t ion  between ( ivts 1 =ke and r7.l or A2N 

The c o r r e l a t i o n  between t h e  concent ra t ion  depend- 

1) ' ence of e l u t i o n  volume and t h e  i n t r i n s i c  v i s c o s i t y , [  
of i n j e c t e d  polymer may be expressed by fol lowing 
equation 

For good s o l v e n t s  t h e  seoond vir ia l  c o e f f i c i e n t  A2 
is proper t iona l  t o  molecular weight according t o  t h e  
r e l a t i o n (  13) 

The low values  of N i n d i c a t e  a weak in t ramolecular  
excluded-volume e f f e  t ,  y is  approximately equal  t o  
t h e  d i f f e r e n c e  I-d@? , d being t h e  exponent of r e l a t i o n  
[T]=KMO', kA2 is a coristant. 
r e l a t i o n  i n t o  equat ion (15 )  y i e l d s  

S u b s t i t u t i n g  the above 
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CONCENTRATION EFFECT IN GPC. I 2549 

Combining equat ion ( 1 4 )  and (151, w e  f i n a l l y  get t h e  
expression o f  ,dVes as a func t ion  of A ~ N  

d c  

where k,= At&-, f o r  a given p o l y m e r - s o l v e n t - c o l u s  
b KA2 

its value i s  determined by kH, b and k constands,  
Equation ( 1 6 )  shows t h a t  i n c r e a s e s  with increas-  
i n g  A2M. 

A t  t h e t a  condi t ion  A7=O. t h e n  equat ion (13'  ) and 
( 12'  ) r e s p e c t i v e l y  reduce-to- 

4 -LQJeH) 
b 'iee = (17)  

It shows t h a t  t h e  concent ra t ion  e f f e c t  i s  no-exis tent  
i n  t h e t a  condi t ions  ( o r  s o l v e n t s ) ,  A s  s i m i l a r i t y  as i n  
t h e  measurement of l i g h t  s c a t t e r i n g  o r  osmotic pressure  
of s o l u t i o n ,  t h e  second v i r i a l  c o e f f i c i e n t  can be 
de terc ined  from GPC concent ra t ion  e f f e c t .  

COMPARISON WITH EXPERIMENTS 
Janca (1 la) has presented d a t a  f o r  concent ra t ion  

e f f e c t s  on t h e  e l u t i o n  behavior  of te t rahydrofuran  
s o l u t i o n s  of polystyrene s tandards  (Water Assoc.) w i t h  
a very  narrow molecular weight d i s t r i b u t i o n  on porous 
g l a s s  columns. A l l  GPC measurements and molecular 
weight determinat ions have been descr ibed i n  more 
d e t a i l  (1 la) , Experimental r e s u l t s  are summarized i n  
t a b l e  1 .  
Treatment of Data 

The GYC data of Janca have been analyzed according 
t o  our  model theory.  

a )  The Universal  C a l i b r a t i o n  Curve 

t a b l e  1 were used t o  c a l c u l a t e  Vhs w i t h  equat ion  ( 1 1 ' ) .  

- 
The experimental  d a t a  of (7) , Mw, C and kH i n  
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TABLE 1 

biolecular Parameters o f  PS Standards ( T H F )  25OC (lea) 

(counts )  kH 

PS 1 0.80 18.2 
0.40 18.0 
0.20 17.9 
0.10 17.8 
0.05 17.7 
0.025 17.6 
0.00 

4.665 26.1 

17.50 

0.362 

PS 2 0.40 22.8 
0.20 22.3 
0.10 21.8 2.117 8.67 0.362 
0.05 21.7 
0.025 21.6 
0.00 17.50 

PS 4 ').80 25.8 
0.40 25.2 
0.20 24.7 1.423 4.98 
0.10 24.4 
0.05 24.2 
0.025 24.1 
0.00 

0.362 

24.10 

PS 6 0.40 29.2 
0.20 28.9 
0.10 28.9 0.740 2.00 0.362 

0.025 23.5 
0.00 28.85 

0.05 2n.O 
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CONCENTRATION EFFECT IN GPC. I 255 1 

Figure l.ln(hydrodynamic volume, Vhc) vs elution volume, 
Ves, f o r  polystyrene standards in THF. 

Then the universal calibration curve were constructed 
with equation ( 1 2 ' )  by polting InVh, vs Ves.This plot 
is given in Figure 1. Figure 1 shows that our model 
yields a common curve of ln(hydrodynamic volume) - 
elution volume for all concentrations and molecular 
tteights of PS standards. and lnVhs is a linear function 

This result also shows that the proposed model theory 
obviously fits the data very well. It seems reasonable 
to conclude that our model will account eatisfactorily 
f o r  the concentration effects in most GPC separations. 

Of Ves. 

b) Concentration Dependence of GPC Elution Volumes 

concentration, C, for PS standards were used to plot 
Ves vs c with equation (13 ' ) .  
Figure 2. 
function of C with slope Ks which was obtained by the 

The experimental data of elution volumes, Ves, and 

These plots are given in 
These results show that Ves is a linear 
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pt= 200 X I  0 "I---- 

0.5 1 .o C% 

Ficure 2.Plots of elution volumes, V against con- 
centration, C, for PS standards in TB! 

least square method. For the PS standard with higher 
inolecular weight (Mwz2.6 1 Y 1 O6 ) and higher concentrat ion 
the experimental data were used to plot In( vDc-veO 1 
vs C with equation (18) and (18 ' ) .  C 

This plot is given in Figure 3 .  It shows that at lower 
concentration (Cso .4 )  In( is an approximately 
linear function of C with an fntercept of In (.*,) 
which waa obtained by lea t square method. Where 
is the initial slope, (4)~- o 9 for concentration 
dependence of elution volumes. It can be directly 
derived from equation (18).  

c )  Correlation Between ks and or A 9 ~  

The plot of ks against intrinsic viscosity for 
four different PS standards is given in Figure 4. It 
shows tkat an approximately straight line passes throu- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



CONCENTRATION EFFECT IN GPC. I 2553 

2.0 

U 

A 0  

-1 .o 
0.6 0.8 O o 4  C% 0.2 

Figure 3. Plot of &I ( *) 
C, f o r  PS standard in THF. 

against concentration, 

2 4 6 
kB 

Figure 4.Plot of the slope k, against intrinsic 
viscosity 
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2554 MINGSHI AND GUIXIAN 

gh the origin. This result is identical with Bleha's 
results(8). But it should be pointed out that in high- 
er intrinsic viscosity the deviation from the linear 
dependence manifested in Figure 5a of ref.8 is due to 
that Bleha's values of k(s1ope of concentration depend- 
ence) for PS in THF is not the initial slope,(w)c+o=KS, 
of concentration dependence. For PS standard with 
higher molecular weight at the large range of concentration 
the concentration dependence of elution volumes is no 
longer linear function. Therefore equation (18) should 

be used to plot. The initial slope(-r)-o=kS dVos can be 

obtained from the intercept of In ( y) by ploting 

In ( vei-veO) vs c. The value of ( e - c - o = k z  obtained 
by that method is more large than the value of k. 
that an approximately straight line passed through the 
origin can be yielded. 
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NOMENCLATURE 

Second virial coefficient 
Constants of universal calibration equation 
Concentration of the injected polymer 
Critical concentration of the injected 
polmer at which the volume has shrunk to its 
theta condition value 
Mark-Houwink-Sakurada constants 
Second coefficient of the reduced viscosity 
equation 
Third coefficient of the reduced Viscosity 
equation 
Huggins coefficient 
A constant given by 

Molecular weight of polymer 
Number average molecular weights of polymer 
Weight average molecular weights of polymer 
Avogadro's constant 
Unswollen volume of polymer 
Peak elution volume at infinite dilution 
Peak elution volume of Rudin's model at 
infinite dilution 
Peak elution volume in theta condition 
peak elution volume of Song 's  model at 
infinite dilution 

f l y  1(9,= --.,- A; * 
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peak elution volume of yamakawa's model at 
infinite dilution 
peak elution volume of Rudin's model at a 
given concentration 
Peak elution volume of S o n g ' s  model at a 
given concentration 
peak elution volume of yamakana's model at a 
given concentration 
Effective hydrodynamic volume 
Effective hydrodynamic volume at a given con- 
centration 
Effective hydrodynamic volume at infinite 
dilution 
Effective hydrodynamic volume of Rudin's 
model at a given concentration 
Effective hydrodynamic volume of Song's model 
at a given concentration 
Effective hydrodynamic volume of yamakawa's 
model at a given concentration 
Effective hydrodynamic volume in theta con- 
dition 

Rate of changing elution volume with the concentra- 
tion 
The so-called interaction parameter 
Mark-Houwink-sakurada constant 
Linear expansion coefficient 
The expansion factor at infinite dilution, 

4 

Volume contraction coefficient at a given 
concent rat ion 
Volume contraction coefficient at infinite 
dilution 
Volume expansion coefficient at a given concentra- 
t ion 
Volume expansion coefficient at infinite dilution 
Flory universal constant 
Volume fraction of solvated polymer at concentra- 
tion Cx 
1 - 1 [I- ex p (-5.7 3 I %I) 15-73 I 4, ). 
A parameter given by so= %: 
Specific viscosity of polymersolutiona 
Intrinsic viscosity 
Intrinsic viscosity in theta conditions 
A parameter wich indicates intramolecular 
excluded-volume effect 

o$ = ( (q+pO 1 
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3 )  
4) 

5 )  

11) 

12) 

13) 
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