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ABSTRACT: When a semidilute polymer solution is equilibrated with a porous medium filled with solvent,
the high osmotic pressure due mostly to high molar mass components (HMC) drives low molar mass
components (LMC) preferentially into the pores. Infusion transients of solvated polystyrene into a confined
space of a porous medium from a free external solution were studied for an equal mass mixture of two
polystyrene standards at several concentrations higher than the overlap concentration. The total pore
volume was almost equal to the volume of the surrounding solution. Initially, both components, especially
LMC, filled the pores until their concentrations became excessively high. Thus, the exterior solution
was depleted in LMC; i.e., the partitioning was inverted for LMC, but enrichment of LMC in the pore
was small. Subsequently, both components decreased the concentrations in the pores. The approach to
the equilibria after the rapid infusion was slow and accompanied by an oscillatory pattern, especially
evident for HMC. We explain the phenomenon as the one caused by coupling of the chain contraction of
HMC due to overcrowded LMC in the pores and a large difference in the diffusivity between the two
components.

Introduction

Partitioning of solvated polymers into a confined pore
space of porous material underlies gel permeation
chromatography (GPC).1-3 At low concentrations each
polymer molecule interacts with the pore independently.
A decrease in the conformational entropy by the pore
is an increasing function of the molar mass of the
polymer.1,4-6 Larger molecules are more strictly ex-
cluded by the stationary phase and elute earlier. At
high concentrations, however, repulsions between sol-
vated molecules surpass the free energy of confinement.
The high osmotic pressure of the solution forces the
polymer to enter the pores in a greater proportion. The
partition coefficient, defined as the ratio of the concen-
tration in the pores to that in the surrounding solution,
approaches unity at sufficiently high concentrations.
The weak-to-strong penetration transition was predicted
by the scaling theory7,8 and confirmed by experiments9,10
as well as by computer simulations.11,12

When the polymer is polydisperse, the osmotic pres-
sure-driven migration favors low molar mass compo-
nents. The partition coefficient for these components
exceed unity (i.e., the partitioning is inverted), whereas
the coefficients for the other components remain low.
Enhanced partitioning fractionation (EPF) was intro-
duced to take advantage of the segregation with respect
to the molar mass.13,14 EPF consists of two steps. In
step 1, a concentrated solution of the polydisperse
polymer is equilibrated with a solvent-imbibed porous
material. The high osmotic pressure due mostly to high
molar mass components drives preferentially low molar
mass components into pore channels. The exterior
solution deficient in low molar mass components is
physically separated to recover a fraction enriched with
high molar mass components. Subsequently, low molar
mass components in the pores are driven out by im-
mersing the porous material into the pure solvent. The
exterior solution is again physically separated to recover
a fraction enriched with low molar mass components.

We applied EPF to a solution of an equal mass mixture
of two polystyrene standards and investigated how the
pore size in spherical porous glass beads of diameter of
about 2 mm, the molar mass of the polymer, and the
processing time affect the performance of EPF.15 EPF
was later transformed into high osmotic pressure chro-
matography that realizes EPF at every plate as the
polymer is transferred along the column.16-18

We recently applied space-resolved Jamin interfer-
ometry to the studies of the infusion of monodisperse
polystyrene into a solvent-imbibed porous glass bead of
diameter of about 2 mm.19 There was a component that
entered and permeated the porous medium immediately
after adding the polymer to the surrounding solution.
Subsequently, other polymer molecules infused into the
medium to settle at an equilibrium concentration.
When the average dimension of the polymer was greater
than the pore size, entrance into the pores was rate-
limiting. For shorter chains, in contrast, the entrance
was easier compared with the permeation and the
overall rate of infusion was faster.
In this paper we study infusion of a bimodal polymer

solution into the pores of controlled pore glasses of size
of about 0.15 mm. We interrupted EPF at various
periods of time to find the compositions and the amounts
of the polymers in the interior of the porous materials
and in the surrounding solution, as the system ap-
proached the concentration equilibrium. In this way,
the infusion of each component was traced as a function
of time for different initial concentrations. In addition
to the partitioning inversion, there was an oscillatory
manner in which the system approached the equilibri-
um. We will explain the observed time dependence in
terms of fluxes of the two components caused by a large
difference in the chemical potential between the solution
in the pore and the surrounding solution. The parti-
tionings of the two components are highly coupled.

Experimental Section

Polymer Samples. Polystyrene (PS) standards were pur-
chased from Pressure Chemical. Table 1 lists their charac-
terization data. The radii of gyration, Rg0, in the dilute
solution limit were calculated from the literature.20 The
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overlap concentration c* is defined as c*(x2Rg0)3 ) M/NA,
where M is the molar mass and NA is Avogadro’s number.
Porous Glasses. Controlled pore glass (CPG) is a gift from

CPG, Inc. The average pore diameter is 15.6 nm, the pore
volume is 0.81 cm3/g, and the surface area is 90.9 m2/g. The
particle size is 80/120 mesh (∼150 µm). Surface silanol groups
were replaced by trimethylsilanyl groups to prevent adsorption
of polymer. CPG were first soaked in concentrated nitric acid
at 90 °C and then in hydrochloric acid at room temperature.
The CPG was washed in water until neutral. After being
dried, CPG was silanized by 2 M chlorotrimethylsilane in
toluene under nitrogen at 90 °C for 2-4 days.
Enhanced Partitioning Fractionation. Original bimo-

dal PS solutions were prepared by dissolving two PS standards
of an equal mass in toluene. The total concentration ranged
from 2 to 15 wt %. Surface-treated CPG was held in an open-
end glass tube with a diameter of about 13 mm and a length
of about 4 cm. A fluoropolymer screen of mesh size ∼70 µm
(Spectrum) was attached to one of the ends of the tube to retain
the porous material. The CPG in the tube was first soaked in
excess toluene in a vial. Air trapped inside the packed bed of
CPG was removed in vacuum for about 1 min. Then nitrogen
was blown from the open end of the tube for about 3 s to
remove the interstitial toluene. Care was taken to retain the
solvent in the pore channels. Then the original bimodal PS
solution of a volume nearly equal to the total pore volume of
the CPG was added from the open end of the tube by using a
pipette. The tube was enclosed in a shell vial of diameter 21
mm with a polyethylene cap. There was always a solution
between the inner wall of the vial and the outer wall of the
tube. The vial was then placed on a rotation stage. For a
processing time that exceeded 24 h, the polyethylene cap was
wrapped with Al foil to prevent absorption of the solvent.
Evaporation was minimized by placing the vial in a large glass
jar that had an extra open vial containing a small amount of
toluene to saturate the atmosphere with vapor. A loss of
solvent from the solution was monitored by a change in the
mass of the shell vial. The average change of the mass of the
total liquid in a shell vial was within 1-2%. Typically, 0.6-
1.7 g of the porous material and 0.6-1.0 mL of the PS solution
were used. The ratio of the volume of the original polymer
solution to the total pore volume was 1.1-1.2.
As explained earlier, EPF consists of two main steps, but

we recovered fractions in four parts to increase the accuracy
in the measurement of the compositions and the amounts of
polymer in the solution in the pores and in the surrounding
solution. At the end of step 1, the external solution was
separated by blowing nitrogen from the open end of the tube
for about 5 s to extrude the interstitial solution as fraction 1.
Then the CPG in the tube was soaked in toluene in another
vial, and within 40 s the interstitial fluid was similarly
removed as fraction 2. In step 2 of EPF, the tube was
transferred to another shell vial, and excess toluene was added
to drive out the polymer from the pores. After 1 day the
surrounding solution was separated as fraction 3. Subse-
quently, toluene was added to the CPG in another vial. After
1 day the external solution was separated to recover fraction
4. All of the processing was carried out at room temperature.
Polystyrene was precipitated from each solution by adding
excess methanol. The polymer in each fraction was dried in a
vacuum oven at 40-60 °C overnight before weighing. Nearly
all of the polymer in the original solution was recovered in
the four fractions. Molar mass distributions of the four
fractions and the original mixture were analyzed in tetrahy-
drofuran by using a Waters GPC system with a Model 510
pump, a Model 410 differential refractometer, and a single
size-exclusion column (American Standards, 106 Å pore).

FTIR Analysis of Surface Treatment. We evaluated the
surface modification of CPG by using a Perkin Elmer 1600
series Fourier transform infrared spectroscopy (FTIR) system
at wavenumbers g 2500 cm-1. The CPG was filled to ca. 3/4 of
an IR-grade silica cell with 1 mm path length (NSG, Type 1).
Excess carbon tetrachloride (CCl4) was introduced into the cell.
Index matching (not exact) of CCl4 to silica in the relevant
range of wavenumber and the absence of hydrogen atoms
facilitated the measurement of IR absorption spectra of
moieties on the silica surface. Air trapped in the packed bed
of CPG was removed by placing the cell in vacuum. A silica
cell with CCl4 was used as a background. Figure 1 shows the
spectra of untreated CPG and silanized CPG. A broad peak
at around 3400 cm-1, present in both samples, is ascribed to
hydroxyl groups in bulk silica. The spectrum of the treated
sample has an additional peak at 2960 cm-1, ascribed to the
asymmetric C-H stretching in trimethylsilanyl moieties. For
reference, an FTIR spectrum of chlorotrimethylsilane (CTMS)
in CCl4 was measured at several concentrations from 0.1 to
0.25 M. In Figure 1 is also shown the spectrum of the 0.25 M
CTMS solution. A plot of the peak area (2960 cm-1) as a
function of the CTMS concentration produced a straight line.
Its slope was used to estimate the CTMS-equivalent concen-
tration of trimethylsilanyl attached to the surface of CPG as
0.39 M in the packed bed.
To convert this estimate to the number density of trimeth-

ylsilanyl on the surface, we measured the packing density of
CPG in CCl4. Measurement of a change in the height of a
packed bed of CPG as more CPG was introduced into a glass
tube of a given inner diameter led to the estimate of the
packing density as 4.47× 10-1 g/cm3. With the specific surface
area of 90.9 m2/g, the surface area of the packed bed was
estimated to be 40.6 m2/cm3. The number of trimethylsilanyl
groups per unit surface area of CPG was then calculated as
9.6 µM/m2 or 5.8 nm-2.
In a separate experiment, we characterized the surface of

silanized silica gels (150 Å, 100/200 mesh, W. R. Grace). The
CTMS-equivalent concentration of trimethylsilanyl attached
to the surface was estimated as 0.26 M. We estimated the
packing density and the surface area per unit volume as 3.49
× 10-1 g/cm3 and 115 m2/cm3, respectively. Thus, the number
of trimethylsilanyl groups per unit surface area was calculated
as 1.4 nm-2, in agreement with the reported value of 3 µM/m2

or 1.8 nm-2.21

Results
The results shown below were obtained for equal mass

mixtures of PS949K and PS90K unless otherwise men-
tioned. Figure 2 shows an example of GPC chromato-
grams for the original bimodal polystyrene solution with
ctot ) 11.3 wt % and four fractions obtained in EPF,
where ctot is the total concentration in the original
solution. The two peaks are well separated to allow us
to calculate the area under each peak that is propor-
tional to the mass of each component. The period T1
for step 1 was 3 h. In fraction 1, the high molar mass

Table 1. Characterization of Polystyrene Standards

sample
peak

molar mass
poly-

dispersity
Rg0,
nm

c*,
mg/mL

PS30K 30 300 1.06 5.8 91.2
PS90K 89 300 1.04 11.1 39.4
PS288K 293 000 1.06 22.2 15.3
PS949K 949 000 1.06 44.8 6.12

Figure 1. FTIR spectra of untreated CPG, silanized CPG,
and a solution of CTMS in CCl4.
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component (PS949K; HMC) was enriched to 90.6% by
mass. Similarly, there is enrichment of the low molar
mass component (PS90K; LMC) in fraction 3 with a
mass fraction of 0.640. Fraction 2 had a purity between
those of fractions 1 and 3. Fraction 4 usually had a
mass fraction of LMC greater than that of fraction 3,
but the amount was smaller. Afterward, fraction 4 was
combined with fraction 3. The combined fraction is
considered to have the composition of the polymer in
the pores at the end of step 1. Fraction 1 is expected to
represent the composition of the solution exterior to the
pores. Fraction 2 consists of the exterior solution that
sticks to the bead surface and the solution in the pores
near the surface. We therefore divided the mass of
fraction 2 into two parts that have the compositions of
fractions 1 and 3.
We denote by mHI and mLI the masses of HMC and

LMC, respectively, in the pore channels in time T1 after
the original solution was added. Likewise we define
mHE and mLE for the exterior solution. Our interest is
in purity pHE of HMC in the exterior solution and purity
pLI of LMC in the solution in the pores. They are
defined as

We are also interested in the partition coefficients KH
and KL of HMC and LMC defined as

where cHI and cHE are the concentrations of HMC in the
pores and in the exterior solution, respectively. Simi-
larly, cLI and cLE are the concentrations of LMC in the
pores and in the exterior solution, respectively. The
purities were calculated from the compositions of frac-
tions 1 and 3. The weight concentrations were esti-
mated from the compositions and masses of fractions
1-3. Although the partitioning is an equilibrium
phenomenon, we use KH and KL also for transients.
Figure 3 shows KH and KL as a function of T1 for ctot

) 5.3, 7.8, 9.8, and 11.3 wt %. We find some common
features independent of ctot. First, infusion of polymers
into the solvent-filled pores was rapid. A large amount
of polymer was driven into the pores even for T1 = 0.4
h. Experimental difficulties prevented measurements
at a shorter T1. Second, KL > KH and KL > 1 always
held. The shorter chains were more easily accom-
modated by the pores. KH was surprisingly large. KH

exceeded unity at short T1 for ctot ) 9.8 and 11.3 wt %.
Third, there appears to be some periodicity in the time
dependence, especially for KH. The plots resemble a
damped oscillation. The period does not appear to
depend on ctot. Fourth, there is a long-time decreasing
trend in KH and KL, especially for a higher ctot, super-
imposed on the oscillatory behavior. Over a long time,
KH approached a value less than unity. There are also
features that depend on ctot. Compared at the same T1,
both KH and KL tended to be greater for a higher ctot.
For ctot ) 11.3 wt %, KL exceeded 30 at T1 ) 6 h. The
difference among the four values of ctot was evident for
T1 < 50 h but later became less pronounced. Decreases
in KH and KL, especially in KL, over time were greater
for a higher ctot. The concentration dependencies of KH
and KL are in agreement with the predictions.14

Figure 4 shows the purities pHE and pLI as a function
of T1. The original unfractionated solutions have a
purity of 0.5. pLI remained almost unchanged. There
is a decreasing trend for pHE, especially at a higher ctot.
Initially, a large proportion of polymer chains infused
into the pores as seen in Figure 3. Most of the chains
were LMC with pLI between 0.6 and 0.7. Infusion
continued until the exterior solution became deficient
in LMC (large KL), thereby producing a large pHE.
Subsequently LMC exuded from the pores, as seen in a
decrease in KL in Figure 3, depressing pHE at longer
times. At ctot ) 5.3 wt %, a variation in purity with
time was present for both solutions, but there was no
discernible long-time trend.
Also observed is a reverse effect of ctot on pLI and pHE.

Compared at the same T1, pLI was smaller for a higher
ctot, but pHE was larger. At ctot ) 11.3% for T1 < 5 h, a
large KL left the external solution enriched with HMC
(pHE > 0.90). At ctot ) 5.3 wt % in contrast, KL was as

Figure 2. GPC elution curves of EPF products obtained for
an equal mass mixture of polystyrene standards of Mp )
949 000 and 89 300 at a concentration of 11.3 wt %. Step 1
product was recovered in 3 h.

pHE ≡ mHE/(mHE + mLE), pLI ≡ mLI/(mHI + mLI)

(1)

KH ≡ cHI/cHE, KL ≡ cLI/cLE (2)

Figure 3. Partition coefficients KH and KL of the high and
low molar mass components plotted as a function of time T1
for four concentrations of PS949K/PS90K in the original
solution.

Figure 4. Purities pHE and pLI of the exterior solution and
the solution in the pores, respectively, shown as a function of
time T1 for four concentrations of PS949K/PS90K in the
original solution.
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small as 2 with about 35% of LMC still remaining in
the exterior solution to depress pHE to 0.65. A solution
of a lower ctot has a weaker driving force to infuse
polymer chains into the solvent-filled pores. Then the
size exclusion dominates, resulting in a large pLI, as
predicted by calculations.14 At long times, pHE was the
largest for ctot between 8 and 10 wt %, whereas the lower
concentration increased pLI.
Figure 5 shows pHE at short times. Peaking in pHE

occurred in 1-10 h. A higher ctot shifted the peak
toward a longer T1. The shift is ascribed to a slower
entrance of entangled polymer chains into the pores at
higher concentrations. The best way to realize the
largest pHE is to equilibrate the porous medium with a
solution of a high concentration and to terminate step
1 quickly.
We also performed infusion experiments up to 24 h

for the PS949K/PS90K mixture at ctot ) 2.0 wt % using
the same CPG. During the period, pHE was held
unchanged at around 0.55 and pLI fluctuated between
0.57 and 0.63. KL and KH were around 1.0 and 0.5,
respectively. There appears to be a periodic pattern in
KL and KH, although the period was shorter than the
one observed for samples at higher ctot. Compared with
EPF at higher concentrations, KL is smaller and closer
to KH and pLI and pHE are smaller, in agreement with
predictions.14
We conducted a similar experiment using an equal

mass mixture of PS288K and PS30K and the same CPG.
Figure 6 shows the partition coefficients and purities
of HMC (PS288K) and LMC (PS30) as a function of T1.
In terms of the reduced concentration c/c*, ctot ) 15.0
wt % for the mixture is similar to ctot ) 5.3 wt % for
PS949K/PS90K. As was the case for PS949K/PS90K,
KL was larger than KH and pHE was higher than pLI.
Both KL and KH decreased slowly with time. Pseudo-
periodic variations in KL and KH were absent. KH

exceeded unity at T1 = 80 h. We expect that eventually
KH will become smaller than unity. pHE also followed
an overall decreasing trend, but pLI remained almost
constant, as was the case for PS949K/PS90K. The
values of pHE and pLI were smaller compared with those
of PS949K/PS90K. The pores do not provide PS288K/
PS30K with geometrical restrictions sufficient to selec-
tively admit LMC. Infusion was more rapid than that
for PS949K/90K.
Among various characteristics in the changes of KL,

KH, pHE, and pLI as a function of time, the concentration
dependence is in agreement with theoretical predic-
tions.14 The greater the osmotic pressure, the more of
LMC is forced to enter the pores, thus increasing pHE
and KL. At the same time, the fraction of HMC forced
to enter the pores is somewhat larger and pLI decreases.
There are two features that at first may appear inex-
plicable: (1) Why is there an oscillatory behavior? (2)
Why is KH so high at short times?
In the following section, we discuss, for a bimodal

polymer solution, the difference in the chemical poten-
tial for each component between the solution in the pore
and the exterior solution. A map of the chemical
potentials as a function of KL and KH allows us to find
the fluxes of the two components into the pores when
the system approaches equilibrium.

Discussion
An infusion flux ji (i ) H and L for HMC and LMC,

respectively) is defined as the mass of component i that
enters the pores from the exterior solution per unit time
per unit area of the pore openings on the surface of the
glass bead. It is given by

where VI is the total pore volume and S is the total area
of the openings on the porous glass bead. The driving
force of the mass transfer is the difference in the
chemical potential ∆µi ≡ µiE - µiI, where µiE is the
chemical potential of component i in the exterior solu-
tion and µiI is defined for the solutions in the pores. We
expect that ji is an increasing function of ∆µi and, for
small differences in the chemical potentials, is written
as

At near equilibrium, Ri ) DiciS, where ciS is the
concentration of i at the bead surface and the diffusion
coefficient Di is taken at the surface.
Since ∆µH and ∆µL are functions of cHI and cLI, eqs 3

and 4 constitute a dynamical system.22 The equilibrium
is given by ∆µH ) ∆µL ) 0. Near the equilibrium, ∆µi
is given by a bilinear equation of differences of cHI and
cLI from their respective equilibrium values. Relative
magnitudes and signs of the linear coefficients deter-
mine how the system that consists of the interior
solution and the exterior solution approaches equilib-
rium.
To see the behavior of cHI and cLI for a system near

and far from the equilibrium, we calculated ∆µH and
∆µL as a function of KH and KL (or cHI and cLI) in wide
ranges. The volume of the exterior solution was as-
sumed to be equal to VI. The solution before being
forced to equilibrate with the solvent-filled porous
medium is an equal mass mixture of the two compo-
nents at concentrations cH0 and cL0. Chain dimensions

Figure 5. Purity pHE is shown as a function of time T1 for
short periods only, for the four concentrations of the original
solution.

Figure 6. Partition coefficients KH and KL and purities pHE
and pLI plotted as a function time T1 for a 15 wt % original
solution of PS288K/PS30K.

ji )
VI

S
∂ciI
∂t

(i ) H, L) (3)

ji ) Ri∆µi (4)
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of RgH/Rp ) 1 and RgL/Rp ) 0.25 were used. These
chains are much smaller than PS949K and PS90K that
have RgH/Rp ) 6.0 and RgL/Rp ) 1.5. Use of smaller
chain dimensions narrowed the ranges of KH and KL
needed for the calculation without changing the char-
acteristics of the chemical potential differences. The
osmotic pressure of a polymer solution was assumed to
follow the interpolation formula derived by Ohta and
Oono.23 The confinement entropy of a polymer chain
was assumed to be equal to that of a Gaussian chain
with the same radius of gyration at a given concentra-
tion in the pore. The chain contraction factor used is
the one derived also by Ohta and Oono.23

Parts a-c of Figure 7 are contour plots of ∆µH/kBT
(solid line) and ∆µL/kBT (dashed line) as a function of
KH and KL for the concentrations of the original solu-
tions of c0H/cH* and c0L/cL* ) 0.115 and 0.0189, 1.15 and
0.189, and 5.73 and 0.860, respectively. Values of cHI
and cLI are indicated adjacent to KH and KL, respec-
tively. The value of the chemical potential is indicated
on each isopleth. The isopleths for ∆µH ) 0 and ∆µL )
0 are drawn in thick lines. Their intersection (KH,eq and
KL,eq), indicated by a dot, represents the equilibrium.
In Figure 7a, the isopleths for ∆µH/kBT are nearly
perpendicular to the KH axis and those for ∆µL/kBT are
nearly perpendicular to the KL axis. Equivalently,
equilibration of each component is independent of the
other component. Directions of fluxes that accrue (see
eq 4; a positive ji increases Ki) are obvious. In the
quadrant of KH < KH,eq and KL < KL,eq, for example, the
resultant fluxes increase both KH and KL (cHI and cLI).
Thus, if the system is away from the equilibrium, the
fluxes let the system approach the equilibrium without
traversing into other quadrants.
In Figure 7b, the isopleths are distorted. As more

HMC is present in the pore, infusion of LMC becomes
increasingly difficult. Thus, the isopleths for ∆µL are
bent left at a high KH compared with nearly vertical
lines in Figure 7a. The presence of LMC in the pore at
a low KL places only a low barrier against infusion of
HMC. At a higher KL the chain contraction of HMC
due to shielding of the excluded-volume effect contrib-
utes to reduction of the entropic penalty, thereby
facilitating the infusion. Thus, the isopleths for ∆µH are
not horizontal but show a dip, followed by an upturn,
as KL further increases to repel HMC out of the pores.
Compared with Figure 7a, the equilibrium point has
moved up and right. A large increase in KL,eq results
in a value greater than unity (partitioning inversion).
Note that the zero-∆µH isopleth is not horizontal and
the zero-∆µL isopleth is not vertical in the neighborhood
of the equilibrium point. Starting with the initial
condition KH ) KL ) 0, the system will approach
equilibrium, swirling around the equilibrium point
counterclockwise. Taking into account that DH , DL,
we find that the trajectory is elliptic, with its long axis
nearly parallel to the KL axis.
A stronger coupling of the partitioning of the two

components at a higher concentration distorts the
isopleths further, as shown in Figure 7c. The equilib-
rium point has moved further up and right. The
partitioning is governed mostly by HMC, with the
isopleths close to those of ∆µH ) 0 and ∆µL ) 0 running
nearly parallel to the KL axis. The zero-∆µH isopleth
and the zero-∆µL isopleth are close to each other. The
driving force that brings the system closer to the
equilibrium point is weak once the system is near the
two lines. Equivalently, there is a wide range of near-

Figure 7. Isopleths of the chemical potential differences ∆µH/
kBT (solid lines) and ∆µL/kBT (dashed lines) plotted as a
function of KH and KL for the concentrations of the original
solutions of c0H/cH* and c0L/cL* ) (a) 0.115 and 0.0189, (b) 1.15
and 0.189, and (c) 5.73 and 0.860. The isopleths for ∆µH ) 0
and ∆µL ) 0 are drawn in thick lines. The values of the
differences are indicated on the lines.
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equilibrium states. Below these lines, ∆µH and ∆µL are
both positive, and they are negative above these lines.
The vectors of the resultant fluxes point up and right
below the lines and down and left above the lines (not
shown). A large difference in the diffusivity between
the two components makes the vectors nearly horizon-
tal. In the quadrant of a narrow strip to the right of
the equilibrium point, the vector is oriented up and left.
In the other narrow strip to the left of the point, the
direction is down and right. Note also that the isopleth
for ∆µL ) 0 is bent downward to the left of the
equilibrium point. This curvature makes the approach
to the equilibrium different from the one we saw in part
a or b of Figure 7. The expected trajectory is shown in
Figure 8. Starting with KH ) KL ) 0, the system will
first cross the two lines on the right-hand side of the
equilibrium point. Thus, there will be an overshoot in
both KH and KL with KH , KL. Afterward, the system
will move left on the map until it hits the isopleth of
∆µL ) 0, then move down, and later right. The system
may show an overshoot a few times before it finally
reaches the equilibrium.
The overall pattern of the isopleths is almost identical

at concentrations higher than the concentration in
Figure 7c. The transition in the pattern from part a to
c of Figure 7 is seen also for mixtures of longer chains
that experience greater confinement effects. For mix-
tures of shorter chains, in contrast, the distortion in the
isopleths is smaller, compared at the same reduced
concentrations, c0H/cH* and c0L/cL*.
The behaviors of the flux directions and the trajec-

tories are translated into physical phenomena as fol-
lows: At low concentrations, both HMC and LMC will
infuse into the pores, with KH and KL increasing
uniformly toward KH,eq and KL,eq, respectively. There
will be no oscillatory behavior as was found for PS949K/
PS90K with ctot ) 2.0 wt %. At concentrations higher
than the overlap concentration, the two components
infuse into the pores initially to make the concentrations
in the pore much higher than those at equilibrium. The
high chemical potentials in the pore now decrease first
the amount of LMC in the pore and then the amount of
HMC. As the interior concentrations become too low,
they again start to fill the pores. Thus, the infusion will
be oscillatory, as we have seen in Figure 3. When the
confinement is weak as in PS288K/PS30K, we will not
see the oscillatory approach to equilibrium. In the
actual system, the porous materials used have a finite
particle size. The change in ∆µi will cause the flux to
change not instantaneously but rather with a delay.

Concluding Remarks

In the partitioning of a mixture of two polystyrene
standards at high concentrations with a porous medium,
we have shown that the partition coefficient for the low
molar mass component is greater than unity, in agree-
ment with the theoretical predictions. In short times,
the exterior solution successfully removed the majority
of low molar mass components. In high osmotic pres-
sure chromatography, the mobile phase should be
transferred to the next plate when the purity of HMC
in the mobile phase hits the maximum. If the flow rate
is too slow, the highly concentrated solution in the
stationary phase will come out again to decrease the
purity.
The map of the chemical potential differences indi-

cated an oscillatory pattern in the approach of the
solution-pore system to equilibrium. By tuning the
chain dimensions, the pore size, and the concentrations,
we may be able to construct a system that shows a
pattern close to a limit cycle. The period will be
determined by the ratios of the chain dimensions to the
pore size. The experimental results shown here need
to be reproduced in different mixtures of polymers and
by other experimental techniques that can trace the
change in the concentration of each component in situ.
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Figure 8. Expected path to approach equilibrium for a system
given by Figure 7c.
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