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ABSTRACT: The influence of polymer concentration on the partitioning of flexible macromolecules into
adsorptive pores was examined by simulations in an open system under good solvent conditions. In dilute
solutions, the partition coefficient K(e,¢) is sensitive to small variations of both polymer—pore attraction
strength € and concentration ¢, whereas in semidilute solutions both influences level off. At weak attraction
below critical adsorption energy e, the coefficient K increases with ¢ in a fashion that resembles the
weak-to-strong penetration transition found for purely steric exclusion (¢ = 0) but modified as if the
width of pores effectively increased. At moderate attraction above the critical condition the increasing
concentration brings about a dramatic drop in the value of K. Additionally, the K(¢) dependences in
attractive pores were calculated by an approximate method based on expressions for chemical potentials,
and the results were in good agreement with the simulation data. The critical adsorption energy ¢, for
excluded volume chains was found to depend on concentration; the compensation point K = 1 was located
at about ¢ = 0.012 irrespective of the pore width. The energy and entropy contributions to the free energy
of confinement were calculated and the compensation of their values at the critical condition was
demonstrated. Furthermore, it was shown that the effect of concentration in polymer partitioning with
adsorptive pores can alternatively be regarded as a confined adsorption and two alternatives of the
adsorbed amount I" were calculated. The adsorption and depletion concentration profiles ¢(x) in the pore
in equilibrium with the bulk solution were presented and their variation with concentration ¢ and

attraction € was analyzed.

Introduction

The equilibrium properties of flexible polymers con-
fined within microporous disordered solids play an
important role in a wide variety of applications. Pore
cavities and capillaries are of vital interest for size
exclusion chromatography, membrane filtration, colloid
stabilization, catalysis, controlled drug release, clay-
based nanocomposites, etc. Polymer chains when con-
fined to a small space exhibit properties distinctly
different from those in the unconfined space. Computer
simulations of macromolecules in various simple geom-
etries such as slit or cylinder can be employed to
understand the static and dynamic properties of con-
fined chains. For macromolecules confined between two
parallel surfaces in a slit two thermodynamic conditions
are distinguished:! (a) the number of polymer chains
between plates is constant or (b) free exchange of
molecules between confined and bulk solution is allowed
(the cases of restricted or full equilibrium, respectively).
The latter condition is appropriate for modeling of the
partition equilibrium between flexible chains in a bulk
solution and a pore.

The polymer partitioning is characterized by the
partition coefficient, K, which is the pore-to-bulk con-
centration ratio at equilibrium, K = ¢/¢e. The theoreti-
cal models of partitioning of flexible macromolecules
were recently reviewed.? In earlier treatment? the pure
steric exclusion of ideal chains in infinitely dilute
solutions was addressed. The analytical approach? based
on the analogy between diffusion motion of a particle
and conformation of a freely jointed polymer chain
provided the relations for the partition coefficient K and
the coil-to-pore size ratio 4 = Ry/Dp, where Ry is the
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radius of gyration of a chain and Dy, is the characteristic
dimension of a pore. According to these relations, the
coefficient K depends on the ratio 4 only and not on each
of these two parameters taken separately. K is related
to the free energy of confinement AA = — KT In K, which
represents a penalty for the transfer of a molecule from
the bulk solution to the pore.

Purely steric partitioning of freely jointed and ex-
cluded volume chains into pores with repulsive chain—
walls interaction was examined by Monte Carlo (MC)
simulations.*~11 It was found that the Casassa parti-
tioning rules for ideal chains® have to be modified in
the case of excluded volume chains to account for the
solvent quality and solute concentration. These studies
have shown that increasing the concentration of the
polymer in the bulk solution increases the partition
coefficient K above its value in the dilute limit K,. An
existence of the weak-to-strong penetration transition,
predicted already by de Gennes,2 was confirmed in
simulations®” in slits with repulsive walls and semidi-
lute athermal solutions. The penetration into pores in
semidilute solution is governed by the same scaling law
as in dilute athermal solutions, only the nature of the
scaling entity changes from the coil size to a size of the
concentration blob. The change of solvent quality brings
about a qualitative alteration of behavior: a delayed
weak-to-strong penetration transition is found on in-
creasing concentration in the © solvent. Here, repulsion
between chains becomes effective in pushing the chains
into pores at higher concentrations than in good sol-
vents.® The concentration effects were also studied in
solutions of polymer mixtures with the aim to develop
an effective technique for separation of macromolecules
at higher concentrations.13.4

The porous media used in partitioning experiments
in many cases involve pore walls attractive to polymers.
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In such cases, polymer partitioning, alternatively some-
times termed confined adsorption, proceeds via a com-
bined steric exclusion/wall-attraction mechanism. To
explain this process, the diffusion-equation theory? of
partitioning of ideal chains was extended'>~17 to include
a short-range segment—wall attraction potential e.
Partitioning of macromolecules in adsorbing pores is
examined by theory!®~1% and by simulations*°1° espe-
cially in order to clarify the separation mechanism in
liquid chromatography of polymers. Attractive interac-
tion of polymer segments with pore walls is a crucial
feature in liquid adsorption chromatography. However,
these interactions also contribute to some degree to the
separation mechanism in real steric exclusion chroma-
tography (SEC) of macromolecules on porous carriers.
The combined effect of purely steric partitioning and
wall attraction is particularly noticeable in critical
chromatography2°-23 gperating close to the “critical”
adsorption strength .. Macromolecular solutes adsorb
from solution onto a substrate if attractive potential ¢
exceeds the critical value ¢, (the adsorption/depletion
threshold?). Under critical conditions, the entropy loss
due to chain confinement into the pore should be
compensated for by the attractive energy gain, and the
partition coefficient K may become independent of the
chain length N of solute macromolecules (the compensa-
tion point).

Our previous simulations®10 of partitioning of ex-
cluded volume chains into adsorptive pores treated
athermal solutions in the dilute solution limit. In the
present paper the partition coefficient K is calculated
as a function of concentration in dilute, semidilute and
concentrated solutions for weak and moderate attraction
of polymer segments to the pore walls. The lattice MC
simulations are performed in an open system that
consists of a bulk solution in an equilibrium with a
solution in a slit with two attractive plates. The results
show that the pore—wall attraction governs partitioning
only in very dilute solutions. In the rest of the concen-
tration scale, the osmotic pressure in bulk becomes the
driving force of the chain penetration into pore. For
excluded volume chains, the adsorption/depletion criti-
cal conditions were found to depend on concentration.
It was shown that the concentration dependence of the
coefficient K in attractive pores can alternatively be
regarded as a confined adsorption and quantified by the
adsorption isotherms and concentration profiles across
the pore.

Monte Carlo Simulations

The simulation procedure is based on direct equilibra-
tion between the slit and the free space and was
described in previous papers.”~10 In simulations on a
cubic lattice, two boxes connected to each other by the
mouth of the slit are assumed: box E, representing the
exterior (bulk) phase, and box I, representing the
interior of the slit pore. Box E has dimensions of 50a x
50a x 30a (a is the lattice unit size) along the X, y, and
z directions, respectively. In box I, with dimensions (D
+ a) x 50a x 30a there are two solid walls at x = a and
at x = D + a, extending in the y and z directions and
forming a slit. The width D is defined as the distance
between the two lattice layers occupied by the solid
walls. Polymer beads are not allowed to occupy the sites
on the solid walls. Periodic boundary conditions apply
to all pairs of opposite walls in the boxes except the solid
walls. The mouth of the slit (the box I) is in contact with
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the box E in the (x,z) plane at y = 50a and, due to
boundary condition periodicity, also aty = 1a. Boundary
conditions used in the slit model provide the large
(macroscopic) pore surface and the small separation of
walls D.

Self-avoiding athermal walks consisting of N = 100
beads for each chain (up to 400 chains were used) were
generated in the twin-box on a cubic lattice. The
athermal model with zero value of the reduced contact
energy ¢s = eJ/KkT, where es is the segment—segment
contact energy and kT the thermal energy, was used
throughout and represents the good solvent condition.
The restrictions on the chain conformations imposed by
the lattice occupancy bring about the volume expansion
of the coil resembling that of polymer chains in good
solvents. Lattice vacancies implicitly represent athermal
solvent molecules with zero segment—solvent interac-
tion energy.

A short-range attraction interaction was assumed
between the polymer segments and pore wall sites
separated by one lattice unit. The reduced attraction
energy per segment —e = —e, /KT < 0 was a variable in
the simulation, together with the slit width D and the
concentration ¢. The effective attractive potential e,y =
epw — €sw Can be considered as the difference between
polymer—wall contact energy ey, and wall—solvent
energy esy (assumed to be zero in this model). The
fraction of macromolecules within the slit having at
least one contact with either of the walls, x;, and the
average number of wall-segment contacts counted per
all chains in the slit, v, were also evaluated.

Chains were equilibrated using the reptation moves
and the Metropolis algorithm. The simulations provide
the equilibrium concentrations of the chains exchanged
between the bulk and the slit without the need to
calculate the confinement free energy from the respec-
tive chemical potentials. The overall thermodynamic
ensemble is canonical but features the aspects known
as the Gibbs ensemble, because it ensures that the
chemical potentials of the chains in the slit and in the
bulk are equal. The ratio of the volume fractions of the
polymer in boxes | and E at equilibrium, ¢/¢g, gives
the partition coefficient K. The chains in the intermedi-
ate regions with their parts belonging to both boxes |
and E contributed all their segments either to the
volume fraction ¢, or to ¢g, depending on where the
majority of the chain segments is located. The volume
fractions ¢g (denoted henceforth also as ¢ where ap-
propriate) up to 0.45 were used. The segment density
profiles across the slit, ¢/(x), were determined by
averaging the segment concentration in each layer over
many chain configurations. The root-mean-square ra-
dius of gyration of free unconfined chains of N = 100 is
Rg/a = 6.45 in the dilute solution limit. The overlap
concentration ¢*, representing a threshold between
dilute and semidilute concentration regimes, was cal-
culated using the relation® ¢*[2V2(Ry/a + o)]® = N. Here,
the extra constant a. = 0.199 accounts for the thickness
of a coating needed to translate Rq® calculated on the
lattice into the volume occupied by the chain in the
continuous space. For athermal chains of length N =
100, ¢* = 0.120.

Results and Discussion

Mapping the Surface K(¢, €). The dependence of the
partition coefficient K on three variables, the bulk
polymer concentration ¢, the strength of attraction per
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Figure 1. Partition coefficient K as a function of the attraction
energy ¢ and of concentration ¢e for the slit width D = 20.

segment ¢, and the slit width D have been examined.
Simulations were performed for slit widths D/a between
8 and 40. The coil-to-pore size ratio, defined as 1 = 2R/
D, ranged between 0 and 1.6, thus fully covering the
regions of weak (1 < 1) and moderate (1 ~ 1) confine-
ments. Such a range of confinement is typical for
experimental studies of partitioning of polymers in
adsorptive porous glasses.?*

The variations of bulk volume fraction ¢ in simula-
tions covered dilute, semidilute, and concentrated solu-
tions. The regions of weak and moderate attraction of
polymer segments to slit plates were examined, includ-
ing the threshold value € = ¢ called the critical point of
adsorption. The attractive potential ¢ = 0 represents the
pure steric exclusion where the polymer chains do not
interact with the walls except the hard wall repulsion.
It should be noted that ¢ is defined as the effective value
of the preferential adsorption of a polymer on a surface
relative to the solvent. Thus, polymer adsorption occurs
only if the attractive segment—wall potential ep, is more
negative than the analogous potential of solvent mol-
ecules esy. The parameter € can be linked to the ys
parameter used in the self-consistent-field lattice models
of adsorption.® Additionally, the parameter e is related
to the solvent strength concept of Snyder2> employed
in chromatography to correlate the adsorption behavior
of solutes in various solvents on silica or other sub-
strates. The variations of the parameter ¢ are inversely
proportional to the temperature changes.

So far the effects of concentration and pore wall
attraction on the partition coefficient K were treated
separately in simulations. For example, the functions
K(¢) for purely steric exclusion and the function K(e¢) in
dilute solution limit were computed'® for various slit
widths D. Interestingly, both variables ¢ and ¢ inde-
pendently influence the partitioning curve K vs 4 in a
similar way: the partitioning of chains of a given size
Ry is enhanced by an increase in concentration or
attraction strength,'® as if the pore width effectively
grew with increasing ¢ or .

Simulations by parallel variations of both parameters
¢ and e provide the functions K(¢,e) at various pore
widths D. The characteristic form of the surfaces K(¢,¢)
is illustrated in Figure 1 for D = 20 (the confinement
ratio 1 = 0.645). A marked variation in the shape of the
graph is noticeable in the region of dilute solutions.
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Figure 2. Partition coefficient K as a function of the reduced
slit width D/2Ry = 1/ at infinite dilution (¢e ~ 0.001) for three
different values of the attraction energy e.

Here, the value of the coefficient K is susceptible to
small variation of either of the parameters ¢ or e.
However, in the semidilute solution, above the overlap
concentration, ¢* = 0.120, the surface levels off and a
broad quasi-plateau is formed (Figure 1). In this region
the influence of attraction strength € on the coefficient
K is much suppressed and the coefficient K moves
toward unity with an increase of ¢. Figure 1 includes
data for negative values of the parameter ¢. Such an
enhanced segment—wall repulsion actually embodies
the reduction in the number of accessible lattice layers,
as if the pore width D effectively decreased. Overall, it
is evident from Figure 1 that it is not possible to
construct the function K(¢,¢) by a simple addition of two
single-parameter functions K(¢) at ¢ = 0 and K(¢) at ¢
— 0.

A prominent feature of Figure 1 is the presence of a
“peak” in the region of moderate wall attraction € > ¢
for very dilute solutions. In this region, polymer seg-
ments adsorb on the walls, and the coefficient K > 1.
Here, the wall attraction potential represents a driving
force of partitioning, which “pulls” the chains into the
pore and offsets the steric exclusion (confinement)
blockage. At the critical point of adsorption e, the
transition from depletion to adsorption regime occurs.
Earlier, the critical condition in this system was esti-
mated® on the assumption that ¢ occurs at the point
where K = 1 and steric exclusion is offset by the
adsorption effects. For athermal excluded volume chains
the compensation point was found® at ¢, = 0.2625 for N
= 100. Below this point, in the region of weak attraction,
0 < € < ¢, polymer chains become depleted from the
walls and K < 1 in Figure 1, even though the K values
are still enhanced relative to the purely steric exclusion.

The graphs of function K(¢,e) for smaller or larger
pore widths are qualitatively similar to Figure 1. The
peaks in functions K(¢,€), i.e., partition coefficients in
the region of very dilute solutions above critical energy,
increase with decreasing D/2Ry, the pore width reduced
by the coil diameter (Figure 2). Evidently, the pulling
of chains into pores by attractive walls becomes more
effective in narrow slits. In the subcritical region, the
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changes of K with D in dilute solution limit are
controlled by the confinement penalty. Near the critical
condition ¢; the coefficient K at ¢ — 0 seems to be
independent of the pore size, except at small D (Figure
2).

The majority of chains in the pore exhibit at least one
contact with the pore walls and the population of such
chains is specified by the fraction x.. The remaining
fraction xs = 1 — X, are free molecules floating near the
pore center. For example in a pore of D = 12 in the
dilute solution limit, xs = 19.0, 7.6, and 1.6% of floating
chains for e = 0.1, 0.2, and 0.3, respectively. Obviously,
the fraction x; increases in wide pores. For instance,
there are more free than adsorbed chains in dilute
solutions in the pore of D = 40 at ¢ = 0.3. In contrast,
in narrow pores macromolecules build up contacts with
both slit plates and if € > ¢; they form intrapore bridges.
As a result, the volume fraction inside the pore ¢, can
be divided into contact chains (fi°) and free chains (f;7)
parts. Above the absorption threshold the term f°
accounts for chains located in the adsorbed layer. In the
same vein, the overall partition coefficient K can be
expressed as K = K¢ + K,

A minimum of n; = 30 chains of the length N = 100
is needed to fully cover the available surface area of two
slit plates 2 x 30 x 50 = 3000a? in case that all the
chain segments are adsorbed. In fact, instead of 100
segments, only about 21 segments of an average chain
in a slit are adsorbed at ¢ = 0.3 in a pore of D = 12 at
dilute limit (Figure 3a). Thus, a number of chains
greater than 30 is needed to attain the full surface
coverage of the plates. The average number of contacts
per chain in the slit v and the fraction of chains in the
slit in contact with the wall x; diminishes with a
decrease of the attraction potential ¢ (Figure 3a).
Increasing concentration ¢ brings about competition of
chains for wall contacts, which differ in the region below
and above the adsorption threshold. In the adsorption
region, the number of adsorption contacts is at a
maximum in the dilute solution limit (Figure 3a); very
tight adsorption of chains on the surface arises.?® This
adsorption draw of chains into the pore diminishes with
increasing ¢. In contrast, increasing ¢ enhances the
tendency to form contacts in the subcritical region.

Effect of Concentration on K. The concentration
effect in partitioning is shown in Figure 3b for some
representative values of the attraction potential ¢ and
slit width D = 8. The simulation data at the bottom of
Figure 3b correspond to partitioning by purely steric
exclusion. The behavior in this region was thoroughly
analyzed in previous papers dealing with athermal and
O solutions.”81314 A slight penetration of chains into a
pore in the dilute regime changes into strong penetra-
tion in the semidilute regime and subsequently into
saturation. The primary driving force for this behavior
is the bulk solvent nonideality, first in the bulk solution
and then in the pore solution.?”

In the range of attraction potentials 0 < ¢ < ¢, the
steric exclusion effect prevails over the wall-attraction
effect. The partition coefficient at infinite dilution Kg
increases with the attraction potential € as if the width
of the corresponding pores effectively increased (Figure
3b). Similarly, the entire concentration range for the
weak attraction ¢ = 0.2 follows a pattern of that for
purely steric exclusion, but modified by the widening
of pores. As a result, the penetration transition in Figure
3b becomes less pronounced in this case and a rapid
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Figure 3. (a) Effect of concentration ¢z on the average
number of contacts per chain in slit, v. (open symbols, dashed
lines) and on the fraction of macromolecules with contact with
either of the walls, x. (full symbols, solid lines), for the slit
width D = 12 and ¢ = 0.2, 0.2625, and 0.3. (b) Effect of
concentration ¢e on the partition coefficient K for D = 8 and
variable ¢, data from Monte Carlo simulations. Flory and
Huggins theories are shown with symbols, dotted lines, and
full lines, respectively. (c) Variation of the partition coefficient
K with ¢g at the critical condition € = 0.2625 for different slit
widths D.
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leveling off to K = 1 takes place. Osmotic-pressure-
induced drive of molecules into the pore also explains
the increase in the average number of wall contacts per
chains v, with ¢ for ¢ = 0.2 seen in Figure 3a.

Above the adsorption threshold, the effect of wall
attraction prevails over steric exclusion. In this region
the concentration effect on K features a dramatic drop
in K values occurring already in very diluted solution.
Nevertheless, the coefficient K still remains K > 1 and
slowly levels off to about unity in semidilute solutions.
In a way, this behavior represents a transition from an
extreme penetration to a high penetration of molecules
into the pore. The intrapore pulling effect, operative in
very dilute solutions is drastically reduced by the
concentration ¢. This comes about because the long-
range cooperative effect of segment adsorption in the
dilute regime is screened by mutual interpenetration
of coils on increasing concentration in the semidilute
regime. With an increase in ¢, the osmotic pressure in
bulk solution pushes the molecules into the pore, thus
increasing the intrapore concentration ¢,. Accordingly,
in the push—pull (or ¢ — €) balance shaping the K value,
the chain repulsion effect turns out to be prevailing even
in dilute solutions.

In steric partitioning the concentration dependence
of K in dilute solutions is frequently treated by the virial
expression

K = Ko(1+ k¢ +Hicyp” + ...) 1)

where Ko, k1, and «» depend on the confinement ratio 4.
Measurements of partitioning of dilute solutions of
flexible polymers under static conditions?®=30 show that
in good solvents the first virial coefficient «; is positive
and the coefficient K increases with bulk concentration
¢. The same conclusion ensued from the concentration
dependence of K measured by dynamic partitioning in
SEC, specifically, from the shift of the peak elution
volume V. with the concentration c of the injected
volume.2! Porous media usually employed in partition-
ing measurements, such as controlled pore glasses, are
surface-treated or coated to inhibit the adsorption of
solutes. Nevertheless, a purely steric mechanism of
partitioning can hardly be expected in these cases and
some minor contribution of segment—wall attraction can
be expected. Thus, the simulation results for the weak
potential ¢ from the range 0 < ¢ < ¢ in Figure 3b,
instead of the results for ¢ = 0, should be utilized in
appraisal of the experimental data on porous glasses.
In the case of attractive pores the parameters in eq 1
depend on both 4 and ¢ values. The simulation data in
Figure 3b indicate that «; and «, terms may not vanish
even at the compensation point.

A comprehensive theory of combined steric-exclusion/
wall-attraction partitioning of excluded volume chains
at finite concentrations has not yet been developed.
Existing approaches are limited to hard sphere par-
ticles®2 or to ideal chains and/or to infinite dilu-
tion.1516.18.19 Hence, a simplified approach is used in the
following to calculate the concentration dependence of
K in attractive pores. The chemical potentials of mac-
romolecules in bulk solution, ug, and in the pore, u,, are
equal at equilibrium. The potential ug depends on the
polymer concentration ¢g only. The intrapore chemical
potential holds an analogous concentration term w(¢),
but additionally, it involves terms representing the free
energy change of a single chain due to the confinement
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penalty AA*ni(A) > 0 and the attraction gain AAT,u(e)
<0
pe(de) = w(éy) + AA+conf(/‘L) + AA+att(E) = () —

KT In K, (2)

It is assumed that these two free energy terms are a
function of the respective parameters 4 or ¢ only and
are independent of the intrapore concentration ¢;. Their
sum is effectively represented by the term —kT In K,
ascertained in very dilute solutions. Thus, in this
simplified approach, the confinement and adsorption
effects on the concentration dependence of K are in-
separable. By using a suitable function for the concen-
tration terms ug(¢e), wi(¢) and choosing the value of Ko,
one can calculate the concentration dependence of the
partition coefficient K, assuming a homogeneous con-
centration in pores.

In the lattice model with the lattice coordinate
number Z, the sites are occupied by polymer chains
consisting of N consecutive sites and solvent molecules,
each occupying a single site. A positive contact energy
€5 is assigned when chain segment and solvent molecule
are next to each other on the lattice. In the Flory
model,23 the free energy of mixing AA™: of the polymer
solution is given as

AA b
T Nln¢+(1—¢)ln(1—¢)+

Slte

(212 - 1) ¢(1 —¢) 3

where ns;iee is the number of lattice sites in the system.
Here the bonded contacts were excluded from the
interaction term. In the Huggins model,?* the free
energy of mixing AA™y is given as

AA™ H_ ¢
2 =Ping+(1-¢)InL— )

Slte

Z z(@1- ) S

51— ad)In(l —ap) + 35— (1~ ¢)a (4)
where oo = 2Z71(1-N1) and q = (1—a)¢/(1—ag). The
change of the chemical potential of polymer to be used
with eq 2 for either of the above two free energies of
mixing is given by

AuIN = AA"(¢) + (1 — ¢)dAAT(¢)/0¢ (5)

The resulting expressions for the chemical potential of
a polymer in athermal solvents with vanishing interac-
tion term read

Au

= Nln¢+(1—¢)(—— 1) (6a)
A
i -G % : Nt —ag)  (6b)

The concentration dependences of K in the case of
attractive pores obtained by the above-described pro-
cedure are shown in Figure 3b for the slit of D = 8. Both
expressions according to Flory and Huggins for the
concentration dependence of the chemical potentials
were employed. The K(¢) functions predicted by this
procedure are quite similar to the MC results for all
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three attraction strengths selected. Both analytical
lattice models predict stronger dependence of K on
concentration than the simulation results since they
overestimate the osmotic pressure.3® In this respect, the
data in Figure 3b show that the Huggins approximation
is more appropriate, as already observed.353¢ The overall
agreement of the K(¢) curves from theory and from
simulations lends support to the assumption of inde-
pendence of the attraction term AAq(€) from concentra-
tion.

The Critical Condition. The notion of critical condi-
tion in polymer partitioning into attractive slits arises
from the adsorption transition of an ideal single chain
near a solid wall. At the critical point of adsorption e,
attractive interaction counterbalances the polymer—wall
excluded volume effect. The value e in the limit of
infinite chain length can be termed?® the adsorption ©
point by the analogy to the conventional ® point in
polymer solutions. For a chain of large molecular weight,
a sharp adsorption transition at a solid wall is supposed.
In partitioning of macromolecules into adsorptive pores,
the critical condition is taken to be the same as the
critical adsorption point ¢. of a single chain near an
adsorbing surface. Furthermore, it is assumed!>18 that
for ideal linear chains at the critical condition the
partition coefficient K = 1 and is independent of chain
length N.

Computer simulations allow to assess the critical
condition in the case of real macromolecules of finite
lengths, similar to that encountered in critical chroma-
tography experiments. As a rule, the mentioned ideal-
ized conditions are not satisfied here: the compensation
of steric exclusion and adsorption terms is not governed
by the single value parameter ¢; and the adsorption
transitions are flattened. Instead, the compensation
point may in this case depend also on other variables,
such as the chain length and concentration. In previous
simulations,® the critical point ¢ of excluded volume
chains of finite lengths in an equilibrium with an
adsorptive slit was estimated as the value of € at which
the coefficient K = 1 and steric exclusion and wall
attraction effects are compensated. A weak chain-length
dependence of the compensation point K = 1 was
detected,® contrary to the ideal chain results,'>18 which
predicted the compensation point K = 1 to be indepen-
dent of N. The value ¢ = 0.2625 was found® to be
appropriate for chain lengths in the range of N from 70
to 110.

Polymer—polymer interactions were so far ignored in
the theory and simulations of partitioning of nonideal
chains at critical conditions. The simulation data for in
Figure 3b indicate that the critical condition for ex-
cluded volume chains in slit may slightly depend on the
concentration ¢ as well. In Figure 3c, the variation of K
with ¢ at critical condition ¢; = 0.2625 is presented in
more detail for various pore sizes. For all pore widths,
the concentration dependence of K shows a maximum
which is most pronounced for D = 8. At very small
concentrations, the K values are below unity for all pore
widths. The functions intersect close to coordinates ¢
= 0.012 and K = 1 which may define the compensation
point, independent of pore width D, in this system.

A tentative explanation of the maximum in Figure
3c can be attempted. On increasing concentration the
chains start to behave collectively near the attractive
slit walls. Though the concentration in bulk may be
below ¢*, the concentration is higher at attractive walls.
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The weakly adsorbed chains support each other at the
wall by their entanglements and that lead to an increase
in K. This small effect dies out around ¢* = 0.120, where
the penetration of chains due to osmotic pressure starts
to predominate and K levels off. The effect leading to
this maximum is not specific to the compensation point
only, but it is noticeable here since both below and above
€. it is overshadowed by the strong concentration
dependence of K.

The specification of critical conditions for excluded
volume chains in a slit is a matter of debate.?®37 The
critical adsorption point was redefined??® for asymptoti-
cally long chains as a point where change in the free
energy of confinement per one segment AA/N vanishes
at N — o, It was argued!®37 that the coefficient K need
not be unity for a single excluded volume chain at the
critical point, but its value depends slightly on the slit
width and the chain size. At finite concentrations,
location of the critical energy is a matter of delicate
balance of the intra- and intermolecular excluded
volume effects and judging from Figure 3c, specification
of both N and ¢ is needed. Nevertheless, the weak N
and ¢ functions of the partition coefficient under critical
conditions may be unimportant for practical purposes
in critical chromatography. A weak concentration de-
pendence of the critical condition should be connected
to the concentration variations of the functions v, and
Xc in Figure 3a for ¢ = 0.2625. It is also apparent in
Figure 2 where the majority of curves intersect at K =
1.036 for ¢, = 0.2625. Sometimes a noticeable change
in the number of contacts at ¢ is intuitively expected:
below the critical adsorption energy most of the polymer
segments are supposed to avoid the surface whereas
above this critical condition the chains should have
many contacts with the substrate. Actually, the data
in Figure 3a show that the average number of contacts
1. changes gradually near the critical condition.

Entropy and Energy Contributions to Partition-
ing. The concentration dependence of other thermody-
namic functions of partitioning is of interest. The
adsorption energy of macromolecules in a slit is given
as a product of segmental sticking energy and the
average number of contacts with the wall per chain in
a slit, AU = —vce. By a combination of this energy term
with the free energy of confinement AA = —KT In K,
the entropy term TAS can be evaluated. These terms
are shown as a function of ¢ in Figure 4 for a slit of D
= 20. The opposite trends below and above ¢; in the
average number of contacts as a function of ¢ (Figure
3a) are transmitted to the respective trends of the
adsorption energy AU/KT and entropy AS/K in Figure
4. Thus, an increase in attractive stabilization by ¢ of
the AU term in the subcritical region changes to an
analogous decrease in the supracritical region. As
evident from Figure 4, the free energy AA is given by
the difference of the rather large (in absolute value)
energy and entropy terms.

The energy and entropy terms should be fully bal-
anced at the compensation point K = 1 near the critical
condition e.. Figure 5 shows this compensation as a
function of plate separation D for two values of concen-
tration ¢ = 0 and 0.1 approximately corresponding to
the lower and upper bounds of K values in Figure 3c.
The entropy term AS/k in Figure 5 represents the loss
of entropy of polymers on the confinement. The reduc-
tion of entropy is brought about by two factors:1° (a) a
loss of molecular orientation entropy due to preferential
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Figure 5. Changes in AA/KT, AS/k, and AU/KT as a function
of slit width D at the critical energy ¢ = 0.2625 at two
concentrations.

alignment of long axis of chain ellipsoids along the pore
walls and (b) a loss of entropy by a loss in the number
of conformations allowed for a chain in a pore. The latter
mechanism, elimination of disallowed conformations,
actually represents an effective deformation of the
intrinsic shape and mean dimensions of the coils due
to the presence of pore walls. The extent of chain
distortion depends on the pore width D and on the
surface interaction, for example, more strongly adsorbed
chains exhibit tighter forms2® with more train se-
guences, shorter loops and free ends, etc. This phenom-
enon as well as the suppresion of free (nonadsorbed)
chains accounts for an increase in the energy term AU/
kT in narrow slits at the compensation point (Figure
5). One can expect that the drop in energy with
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decreasing D will be reversed in very narrow pores
unable to accommodate the chains, and the AU/KT term
will rise sharply.

Confined Adsorption Characteristics. The equi-
librium distribution of solutes between bulk solution
and adsorptive porous materials can alternatively be
treated as a confined adsorption using quantities em-
ployed in the studies of the adsorption on flat surfaces.
In confined adsorption, again, a combined mechanism
of adsorption to internal pore walls (dominant effect)
and of pore confinement is presumed.?* Such description
applies for example for porous glass beads without a
surface treatment; the silanol groups in beads are
frequently masked by a reaction with silanes in order
to prevent the surface adsorption.

Instead of the partition coefficient K, the key param-
eter in confined adsorption is the adsorbed amount of
polymer in equilibrium with the bulk phase, I'?. The
adsorbed amount for a polymer near a surface is
defined! in terms of contributions to the volume fraction
profile ¢,(x), the variation of ¢, with the distance from
the surface x. For a pore—bulk solution equilibrium, the
adsorbed amount can be characterized by the total
number of segments belonging to the chains inside of
the pore, n|N, divided by the area of both adsorptive
plates of the slit

I =n,N/2A = ¢,(D-1)/2 = K¢(D-1)/2 (7

Here, n; is the number of chains of N = 100 segments
within the pore of the width D of the D — 1 available
layers. In our model both internal walls of the slit
contribute to the surface area 2A. The volume fraction
inside the pore, ¢y, refers to both adsorbed (by a minority
of segments) and free chains. The adsorbed amount can
be expressed in units of polymer mass per surface area
by multiplication of I'® with p, the partial density of the
polymer. The latter equation connects the adsorbed
amount with the partition coefficient. Since I'@ refers to
both adsorbed and free-floating intrapore chains, it
characterizes the polymer uptake by both intrapore
“surface” and “volume” adsorption, respectively. The
corresponding adsorbed amounts (I'?)s and (I'?)y can be
introduced, if desired.

The variation of the adsorbed amount I'? with ¢ is
shown in Figure 6a for two pore sizes. The adsorption
isotherm for e = 0.3 shows at first a concave curvature
in the dilute regime and then, as ¢ goes into the
semidilute concentration range, the isotherm rise in
almost a linear way. These two parts of the isotherm
mirror the two regions, drop down and leveling-off, in
the K(¢) functions in Figure 3b. The adsorbed amount
Ira = 1, i.e,, one intrapore polymer segment per unit
surface area (a?), formally corresponds?® to one “mono-
layer”. An apparent “multilayer adsorption” is seen in
Figure 6a at higher ¢. The adsorbed amount I'? is
positive at any time, when the coefficient K > 0 at
partitioning, even in the region below the adsorption
threshold. Below ¢ the depletion polymer—wall interac-
tion is manifested by the convex type of isotherms in
dilute solution (Figure 6a).

The excess adsorbed amount I'®* can be arbitrarily
introduced by replacing the intrapore volume fraction
¢1 by the difference ¢, — ¢ = Ap = ¢(K — 1) in the above
equation:

™ = (K — 1)(D — 1)/2 (8)
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Figure 6b shows the excess isotherms I'®* for two pores
D = 8 and 12 at three values of . Above the adsorption
threshold, at ¢ = 0.3, I'®™ > 0 and its variation with ¢
looks like the low-affinity type of isotherm. The rising
part of this isotherm corresponds to a drop in the K(¢)
function in Figure 3b in the region where attractive pull
is still potent. The maximum in the isotherm in Figure
6b is located approximately at the bulk overlap concen-
tration ¢*. The decreasing part of the I'®* isotherm is a
sign of the bulk osmotic pressure effect. The excess
isotherm I'®% at energy ¢ approximating the critical
condition exhibits a small positive adsorption, in ac-
cordance with the plots of the K(¢) functions in Figure
3c. In the region of the weak attraction strength the
depletion isotherms, I'®* < 0, are observed (Figure 6b).
In all cases the excess isotherms seem not to be affected
by the pore width.

Concentration Profiles. Adsorbed amounts in egs
7 and 8 are defined through the intrapore concentration
¢ averaged over the whole pore width. The spatial
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slit, ¢, and in bulk, ¢, calculated for variable attraction
energies in the infinitely dilute solution limit (a) and for two
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distribution of polymer segments as a function of the
distance x from the pore walls is given by the segment
concentration profile ¢;(x). From these concentration
profiles both adsorbed amounts, I'® and I'®%, can alter-
natively be evaluated. In contrast to concentration
profiles characterizing polymer solutions near a planar
surface, an additional parameter, the external concen-
tration ¢, has to be specified in the case of a pore—bulk
solution equilibrium. Concentration profiles in very
dilute solutions (¢, ~ 0.001) in the slit of D = 12 are
shown in Figure 7a for three attraction potentials,
together with the average intrapore concentration ¢.
A gradual change from a depletion layer to an enrich-
ment layer with an increase in ¢ is apparent in the form
of these profiles. The profile ¢(x) is more or less flat at
the potential ¢ i.e., at the critical condition the segment
concentration is independent of the distance from the
pore walls.

Adsorption and depletion concentration profiles ¢(x)
in the slit of D = 12 at two concentrations in the dilute
solution range are shown in Figure 7b. Since the
molecule and the pore have similar dimensions (1 =
1.074), the depletion or enrichment layers from both
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calculated for the concentrations ¢ specified in the figure.

plates extend up to the pore center. Hence, no flat
portion of the profile in the middle of the slit is seen,
and the volume fraction in the center differs from the
average intrapore concentration ¢,.

The variation of the relative segment concentration
profiles ¢1(X)/¢g, or the “layer” partition coefficient K(x),
in a wide concentration range is presented in Figure 8
for the slit of D = 12. As the concentration builds up at
depletion conditions (¢ = 0.2), the chains become dis-
tributed more uniformly in the slit and the depletion
layer is filled up. At high concentrations the normalized
profiles in Figure 8a exhibit shoulders due to a layering
structure that develops near the pore walls.®® The local
partition coefficient K(x) in shoulders is enhanced to
values over unity. As a result of segment ordering, a
shallow basin is present in the middle, quasi-flat por-
tions of normalized profiles.
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The variation of normalized profiles with concentra-
tion under adsorption condition (¢ = 0.3) is shown in
Figure 8b. The concentration profiles flatten with ¢:
enrichment layers become less pronounced, and the local
partition coefficient K(x) in the pore center rapidly
diminishes with increasing concentration. Extrapolation
of data in Figure 8b to the concentration limitof ¢ =1
indicate that an almost completely flat concentration
profile can be expected for a polymer melt within
adsorptive pores. The strength of polymer—wall attrac-
tion should have a minute impact on the profile,
restricted to a thin zone near the walls.

Conclusions

The influence of polymer concentration on the parti-
tioning of flexible macromolecules into adsorptive pores
was examined by simulations in an open system under
good solvent conditions. The results show that in dilute
solutions the partition coefficient K(e,¢) is sensitive to
small variations of either polymer—pore attraction
strength ¢ or concentration ¢. The penetration of
molecules into the pore in dilute solutions is controlled
by both adsorption draw and bulk osmotic pressure
push. In semidilute solutions, the value of the coefficient
K is determined mainly by the concentration factor. At
weak attraction below the critical adsorption energy e,
the function K(¢) resembles the weak-to-strong penetra-
tion transition found for purely steric exclusion (e = 0)
but modified as if the width of pores effectively in-
creased. At moderate attraction above the critical condi-
tion the increasing concentration brings about a striking
drop in the value of K. A method to calculate the K(¢)
dependences at various values of € was developed, based
on the assumption that the confinement and attraction
terms in the chemical potential x, of a polymer in an
intrapore solution are independent of concentration. The
concentration dependences K(¢) calculated by using the
Flory or Huggins expressions for u«(¢) are in good accord
with the simulation results.

The detailed mapping of the concentration depen-
dence of K in the vicinity of the critical energy ¢; shows
that critical conditions for excluded volume chains may
depend on concentration. The compensation point K =
1 was found at ¢ = 0.012 irrespective of the pore width.
The energy and entropy contributions to the free energy
of confinement were calculated and the compensation
of their values at critical condition was demonstrated.
Further, partitioning within adsorptive pores was treated
as a confined adsorption and the variations of the
coefficient K were expressed as the adsorption iso-
therms. The concentration profiles ¢;(x) in the pore in
equilibrium with the bulk solution were calculated for
the adsorption and depletion regimes and their alter-
ation with bulk concentration ¢ was elucidated.
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