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ABSTRACT The partitioning of solvated polymer molecules with a bimodal molecular weight distribution 
between a confiied geometry such as a porous medium and an external free volume has been investigated. 
Applying the results of renormalization group theory, we derive the chemical potentials in the interior and 
exterior of the pore for each fraction of the polymer in equilibrium. It was found that, as the concentration 
of the high molar maw macromolecule exceeds the overlap concentration in the exterior, the low molar mass 
fraction is driven into the restricted pore channels, while the high molar maw fraction remains outside. We 
note that this segregation effect could in principle be used to recover a low molar mass fraction in high purity 
from a mixture. The implication of this fiiding with respect to size-exclusion chromatography is also briefly 
mentioned. 

Introduction 
The partitioning of polymer chains in solution between 

a confined but accessible geometry and the surrounding 
free solution is fundamental to size-exclusion chroma- 
tography (SEC)." The parameter of interest, the par- 
tition coefficient, is simply the ratio of the polymer 
concentration in a porous medium, a typical confined 
geometry, to the concentxation in the exterior. SEC utilizes 
the sharp decrease in the partition coefficient as a function 
of the chain dimension of the injected material and the 
concomitant faster elution. This principle works, however, 
only for very dilute solution.c8 In our recent contribution,' 
we showed generally that the partition coefficient p for a 
given system of a polymer solute in a good solvent exhibits 
a rapid increase toward unity as the polymer concentration 
in the exterior of the porous medium exceeds the overlap 
concentration. When there is significant chain overlap, 
a buildup in the osmotic pressure in the exterior drives 
the polymer chains into narrow pore channels even at the 
expense of their reducetl configvrational entropy. Thus 
as the exterior concentratio8 further increases, p ap- 
proaches 1. Chain contraction in the semidilute regime 
augments the increase inp, but the effect is minor relative 
to the osmotic pressure effect. The transition from the 
weak to the strong penetration regimes89 is more prom- 
inent for a higher molecular weight fraction, which has a 
smaller p in the dilute limit of the exterior concentration. 

In this contribution, we extend our previous work' to 
a polymer solution in which there is a bimodal molecular 
weight diatribution. It is exemplified by a mixture of two 
monodisperse fractions of the same polymer, the fractions 
thus differing only in chain dimensions. The solvent is 
considered to be good. We consider how the partition 
coefficient for each fraction changes when the concen- 
trations of the two fractions in the free solution are allowed 
to vary. First, using the well-known results of renormal- 
ization group theory,'O we derive equations for chemical 
potential equilibrium between the interior and the exterior 
for each fraction. Solving the equations self-consistently, 
we show that there can be an inversion of the partition 
Coefficient of the low molar mass fraction when the 
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concentration of the high molar mass fraction exceeds the 
overlap concentration in the free solution. In contrast to 
the usual partitioning of a single monodisperse polymer, 
the confined geometry in this case can accommodate a 
larger population density than the unrestricted exterior 
can. We will also discuss how to apply the partitioning 
inversion to fractionation of polydispersed polymer sam- 
ples and mention the effect of the presence of a small 
amount of a high molar mass fraction in the injected 
material on the elution profile in SEC. 

Theory 
As the polymer concentration c (total number of polymer 

chains per unit volume) increases, the osmotic pressure II 
deviates from that for an ideal dilute solution. Concur- 
rently, the chain begins to contract as a result of the 
screening of the excluded volume. Ohta and OonolO 
obtained approximate expressions for II and the contrac- 
tion factor of the mean-square end-to-end distance Rr2 
for a polydisperse polymer solution. The degree of 
polymerization N has a distribution characterized by a 
polydispersity index /3 ( N2 )/ ( N )  2, where ( ) is the average 
with respect to the distribution. At a reduced con- 
centration X = CYNC(N)~V with v = 0.588 and a coefficient 
CYN determined below; the approximations are in the forms 
II/ckgT = P(XB) and RdRr)  = R(X;B), where k g  is the 
Boltzmann constant, T is  the absolute temperature, and 
R, and R'O) are the radii of gyration at concentration X 
and in tke dilute solution limit, respectively.ll The 
functions are 

and 

R ( x ; / ~ )  =expj5[+-(+++)  x 

(ln(2Y) + y) + e2' Ei(-BY) 1- ( ;++)I) 
where Y = X + 1/8, y 
Ei(-x) = - J:t-' exp(-t) dt.12 

0.6772 is Euler's constant, and 
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We now apply these expressions to a solution of polymer 
with a bimodal molecular weight distribution. Let us 
define a reduced concentration Xi for fraction i, with a 
degree of polymerization Nj, by Xi = acCi/Ci* (i = 1, 21, 
where CYC is a numerical coefficient, Ci is the number 
concentration of the fraction i(cl+ cz = c), and the overlap 
concentration ci* is definedl3 by ~,*(1/2R:) )~ = 1 for a 
pure solution of the fraction i. Comparison of the linear 
terms in P(X; l )  and an expression for II in virial 
expansion13 yields ac 3.4ge7 By definition Xi CYNC~N~~”; 
therefore, CYN = (~,(1/2R:)/Niy)~. Thus, the reduced 
concentration X and the polydispersity index 8 for the 
mixture of the two fractions are given by 
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Figure 1. Partition coefficients p1 (dashed line) and pa ( d i d  
line) for fractions 1 and 2, plotted as a fundion of Xm for X d  

1W (Rz) /R E 0.861, 1.068, and 1.240, respectively). For 
reference, tie partition coefficient P m  (daeh-dotted line) for a 
monodisperse polymer is plotted for p z )  = lo-’, 10-1, 109, and 
1W. Plots of p1 and pm can be identified by their values in the 
limit of X ~ E  - 0. 
excluded volume, and, on the basis of this assumption, we 
obtain the following expression for the concentration- 
dependent entropy reduction:Ib 

X I E  0.1, pio) = 10-’ (R$)/Rp 0.585), and p$ = 1p2, 109, and 

Milk ,  = f((R:’/RP)R(XI;&)) (5 )  
In the dilute limit, the partition coefficient pi 4 X i i X g ~  
= ciI/Ca of the fraction i (i = 1, 2) is determined purely 
by an entropic factor, p,“) = f(R$’/Rs). Therefore, pio’ 
can be regarded as a parameter reflectmg the dimension 
of an isolated chain of the fraction i relative to the pore 
radius. 

The set of equations, eqs 1, 2, 4 and 5 can be sohred 
self-consistently to yield X ~ I  and XZI for given external 
concentrations X I E  and XZE and the partition coefficients 
pio) and pio) in the dilute limit. In the following, we show 
the results of the calculation for N1 > Nz. 

Discussion 
First, we consider the case where the high molar mass 

fraction has a higher reduced concentration in the exterior, 
i.e., X1E > XZE. Note, however, that this condition does 
not necessarily mean that the high molar maas fraction is 
the majority component in terms of monomer unit 
concentration. Figure 1 shows the partition Coefficients 
of the two fractions as a function of X I E  for X ~ X ~ E  = 
0.1 and pio’ = 0.1. For reference, the partition coefficient 
pm for a monodisperse polymer is also plotted for several 
values of pg’. A transition from weak to strong penetra- 
tion for the low molar ma89 fraction takes place when the 
concentration of the high molar mass fraction exceeds 
its overlap concentration (X1E = 4) for all the values of 
pp’ employed here. Note that, at this concentration, the 
low molar mass fraction is still in the dilute regime in the 
exterior of the pore (XZE r 0.4). Around X1E c: 2, the 
parameter pz exceeds unity (partitioning inversion), the 
asymptotic partition coefficient in the strong penetration 
limit for a monodisperse system. The higher molecular 
weight of fraction 1 yields an even larger pz for X a  > 10. 
In contrast, p1 approaches unity graduallywith increasing 
X1E. The transition to strong penetration for the high 
molar mass fraction is suppressed. 

There are two factors that contribute to increasing the 
partition coefficient as the exterior concentration increases. 

with cz/c1 = (X2/Xl)(R$)/Rg))3 and NdN1 = (R$)/ 
R$‘/“. The Gibbs free energy of the polymer solution is 
given as 

G/k,T = n, In c1 + n2 In c2 + (n, + n,) I(X;/3) (3) 

where ni Vci (V is the volume ) is the total number of 
molecules of the fraction i, and the interaction I(X,/3) E 
P(X/3) - 1 + j,” x-l[P(x;B) - 11 &z vanishes at X = 0. 

Let us consider a porous medium equilibrated with a 
large volume of a free solution of a bimodal polymer. We 
assume that the vacant spaces of the porous medium can 
be represented by cylinders of radius Rp and that the 
surface of the solid walls is inert. Therefore, the geo- 
metrical restriction of the pore merely changes the 
configurational entropy of a polymer chain relative to that 
in the unrestricted space. For a polymer chain of the 
fraction i in the pore, the free energy is increased by an 
entropy term ASi due to the restriction on the number of 
conformations available.14 When the reduced concentra- 
tions of the two fractions are given in the exterior of the 
pore as Xa and XZE,  the interior counterparts X I I  and 
XZI are determined by equilibration of the chemical 
potentials for the two fractions. From eq 3, the relationship 

In ciE + I (X&E) = 

can be derived, where the subscripts E and I denote the 
exterior and the interior of the pore, respectively. Note 
that the interaction term in the chemical potential of the 
fraction i depends on the total concentration X E  and the 
polydispersity index BE, because the interaction is between 
two monomers common to the two fractions. The inter- 
action term applies also to the solution in the interior of 
the pore, as long as R t )  is not extremely large compared 
with Rp, as was discussed by Teraoka et aL7 

Casassa14 obtained an expression for the entropy re- 
duction A S  for an isolated Gaussian coil with radius of 
gyration R, confined in a cylindrical pore with radius Rp 
as exp(-AS/kB) = f(RJRp) with 

In C 8 ~  + I(Xl;&) + Mi/kB (i 1,2) (4) 

where 6, (m = 1,2, ... ) is the mth root of the zeroth-order 
Bessel function Jo(b) = 0. We assume here that this 
expression can be applied to a solution of polymer with 
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Figure 2. Contributions of interaction P and of chain 
contraction (i = 1, 2) to the increases in the partition 
coefficients shown for the same parameters used in Figure 1. 
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Figure 3. Partition coefficients for the monomer unit concen- 
tration pw shown for the same parameters wed in Figure 1. 

One is an interaction factor P I(XE;@E) - I(X1;&), and 
the other is an entropic factor Ayt E (AS;'' - ASi)/kB due 
to chain contraction, where AS!" is the value of A S j  in the 
dilute limit. Then, from eq 4, pi = pi''' exp(Aht + 
Figure 2 shows these two factors as a function of X1E for 
the same parameters used in Figure 1. Comparison of 
Figures 1 and 2 reveals that the increase in Aht causes the 
transition of p2. The inverted population of the low molar 
mass fraction is caused by the high osmotic pressure of 
the high molar mass fraction exterior to the pore. The 
retardation of the transition in p1 is due to the relatively 
high osmotic pressure in the interior caused by the high 
concentration of the low molar mass fraction. The 
parameter p1 begins to increase only when the contribution 
of AFt becomes large enough to overcome the osmotic 
pressure in the interior, especially for larger chain di- 
mensions of the fraction and a resultant smaller p:". 

We define a partition coefficient pw in terms of the 
total monomer unit concentration as pw = (CIINI + CZINZ)/ 
(c1& + c z a z ) ,  and this coefficient is shown in Figure 3 
for the same conditions as those used to plot Figure 1. For 
X1E > 10, pw is larger than unity, which means that the 
concentration of polymer expressed in the usual weight/ 
volume dimension is larger in the interior of the pore than 
in the free exterior volume. This result appears para- 
doxical, because the partition coefficient for the majority 
component (high molar mass fraction) is small. Note, 
however, that pw = @I + w z l p ~ ) / ( l +  w21) is approximated 
by w2@2 for XIE > 10, where w21 is the ratio of fraction 
2 to fraction 1 in terms of the total monomer unit 
concentration in the exterior: w211 (cZJvz)l(clJV1). For 
the three values of p:') 10-9, and 10-9, w21 z 0.165, 
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Figure 4. Partition coefficientspa for the low molar maw fraction 
(solid line) and corresponding polydispersity index 41 in the 
interior of the pore (dashed line) plotted as functions of X Z E  for 

3. Theplotaof4IforXdXm = 0.01 andO.l arenearlyoverlapped. 
mN NiIN2 = 3, pio) = 0.01, and X d X m  = 0.01, 0.1, 1,2, and 

0.219, and 0.265, respectively, in the exterior solution. The 
large partition coefficient p2 (close to 10) raises pw to a 
value above unity. 

This result for the segregation of two polymer fractions 
differing in molecular weight suggests that a porous 
medium might be used to extract with high purity and 
efficiency a low molar mass fraction from a mixture. We 
performed appropriate calculations for various chain 
dimensions of the two fractions and various ratios of the 
free volume concentrations. An example of such a 
calculation is shown in Figure 4 for the ratio of the 
molecular weighta of the two fractions mN N1/N2 = 3 
and pio) = 0.01 (R$)/R, s 0.861), which yields p;'' = 1.22 
X 10-7 (R$)/R, 1.643). Like the situation in Figure 1, 
this case produces a transition from weak to strong 
penetration for fraction 2, the low molar mass fraction. 
The partitioning is inverted when X2E is large, the 
concentration in the interior then becoming higher than 
that in the exterior. For a given ratio of the molecular 
weights, the transition in p2 takes place at a lower concen- 
tration of &E, and p2 reaches a larger value-specifically, 
when the low molar mass fraction is mixed with a larger 
amount of the large molar mass fraction. 

When ~ N ( c ~ / c z )  << 1, cdc2 = (@-l)/(mN-1l2. Thus 8-1 
is proportional to the concentration of the high molar mass 
fraction relative to that of the low molar mass fraction. In 
the exterior, @E = 1.00571,1.0529,1.281,1.332, and 1.328 
for X1E/X2E = 0.01,0.1, 1, 2, and 3, respectively. Figure 
4 shows that, for all the values plotted in Xm I 40, (@I- 
l)/(@pl) << 1, a result denoting an enrichment of the low 
molar mass fraction in the porous media. Of course, 
enrichment in terms of a smaller (@1-1)/(/3~-1) is optimal 
when X2E << 1. In practice, however, a low concentration 
is not favorable for extraction. I t  is important to note 
that the internal concentration can be raised without 
diminishing the purity of the low molar mass fraction. 

Finally we consider the effect of a small amount of high 
molar mass impurity (component 1) on an SEC elution 
time for the low molar mass majority fraction (component 
2). Let us assume that, in the injected sample, cm = c2*/ 
10 (dilute regime for the component 2) and add a small 
amount of component 1 (a fraction by weight fw << 1 with 
clJVl= fwc~JV2) of molecular weight mN times that of the 
component 2. Then, X1E = 0.349fwm~~''. If mN = 109, 
then X1E = 6.84 at fw = 0.1, which will increase p2 close 
to or larger than unity, thereby distorting the elution c w e  
of SEC to a longer time. 

In this contribution, we have employed the expressions 
for P(X,@) and I(X;@) obtained by Olita and Oono, because 
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they are given as explicit functions of X and 4 and cover 
a wide range of X. The driving force for the partitioning 
inversion is the drastic increase in the osmotic pressure 
as the exterior concentration exceeds the overlap con- 
centration. The increase is most simply expressed by the 
widely accepted scaling theory. The power dependence 
between II and X for X >> 1 is essential for the inversion 
to take place. Other expressions for PandR moreelaborate 
than those obtained by Ohta and Oono, if available, would 
not greatly change the characteristics of the partitioning 
inversion described here. 

In conclusion, we have shown that a bimodal polymer 
solution can exhibit a partitioning inversion between a 
confined geometry and an unrestricted exterior. We 
propow that this population inversion can be wed to enrich 
the low molar maea fraction from a mixture of different 
molecular weights. An interesting extension to a ternary 
system comprising two different polymers and a common 
solvent is currently being studied. 

To our knowledge, no experimental data on this phe- 
nomenon of partitioning inversion are available. In 
principle, the inversion characteristics can be demon- 
strated by interferometric study to measure the interior 
concentration. By selecting a solvent isorefractive with 
the pore material, the interior concentration of the polymer 
can be obtained as an increment in the average of the 
refractive index of the pore. This experiment would 
demonstrate the inversion in pa. To investigate the 
separate inversion characteristics p1 and p2, we have to 
use another method. For erample, if the porous medium 
can be made proton free, the use of a deuterated solvent 
and high molar maas fraction could lead to the measure- 
ment of p2 by proton NMR imaging techniques. The 
imaging, however, would need to possess a sufficient spatial 
resolution and a well-defined focal depth. 
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