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ABSTRACT: The elution chromatography of flexible polymer molecules flowing through a microporous
particle media is described by a combination of the Casassa model of flow segregation and the Di Marzio—
Rubin lattice method for calculating the partition function of confined polymers. This combination of
models allows for the treatment of polymer-surface interactions so that polymer chromatography in the
exclusion and adsorption regimes can be described within a unified framework. The compensation point
where repulsive polymer-surface excluded volume forces and short-range polymer-surface attractive forces
counterbalance each other offers opportunities for separating complex molecules. For example, calculations
for a diblock copolymer where one of the components is at the compensation point (“adsorption ® point”)
indicate that only the remaining block influences the elution of the block copolymer as a whole. This
theoretical result accords with experiments on block copolymers. This singular observation provides
support for the Casassa viewpoint of molecular partitioning dominated polymer elution. The chroma-
tography of triblock copolymers, stars, and combs is also examined to determine the selectivity of elution
chromatography for separating these molecular architectures. The theoretical development in the present
paper should lead to improved methods for the characterization of polymers with different molecular
architectures. These developments also suggest new tools for studying polymer adsorption from dilute

solution.

1. Introduction

There are many applications of molecular segregation
phenomena associated with the flow of polymer mol-
ecules through porous media. In general, these segre-
gation processes reflect an interplay between hydrody-
namic and thermodynamic effects which often allow
remarkably effective separations. The primary factors
which control molecular separation are the geometry of
the porous media and the interaction between the
polymer and the solid substrate. In practice many
aspects of molecular separation remain an art since the
theory of flow-induced separation has been rather
idealized.

Theoretical models of molecular separation under flow
have primarily focused on the influence of repulsive
interactions between the polymer and the solid matrix
of the flow medium. In a capillary flow, for example,
the exclusion of the polymer or other solvated species
from the wall causes such particles to lie closer to the
center of the capillary where the fluid velocity is higher.
(This same physics occurs for a fluid flowing through a
hole or a screen, but the velocity increase near the
center of the apertures is not as great.) Di Marzio and
Guttman!—3 have developed this simple concept of
volume exclusion between capillary wall and dissolved
polymers into a theory of flow-induced polymer separa-
tion which is appropriate for porous media with channel-
like structures where the pores have a relatively uni-
form cross-section. This model predicts that high
molecular weight polymers elute through the matrix
first because of the greater excluded volume interference
between the pore surface and the polymer.

Casassa introduced another model of flow-induced
polymer separation based on the polymer—substrate
excluded volume concept.4~® Real porous media are
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often characterized by cul-de-sac type pores which lie
off the main channels in which flow is concentrated.
This situation is predominant in situations in which the
porous media itself is comprised of microporous particles
in which the polymers in solution can partition. If the
cul-de-sac pore size is not large relative to the mean
dimensions of the flexible polymer chain, then there is
an entropic cost for the polymers to enter the pores
associated with a repulsive interaction between the
polymer and the pore surface. This leads to a partition-
ing of the polymers between the pores and the flowing
solvent exterior to the microporous surface. Casassa
has made convincing arguments that this type of
molecular segregation occurs under flow conditions
leading to flow-induced molecular segregation.#® Asin
the case of flow separation in capillaries, the high
molecular weight polymers elute first because excluded
volume interactions between the polymer and the pore
increase with the molecular weight of the polymer.

The exclusion chromatography models of Di Marzio
and Guttman and of Casassa are complementary models
which are appropriate for different types of porous
media. Real porous media often involve a combination
of channel structures and microporous solid particles
so that both hydrodynamic and thermodynamic pro-
cesses can be expected to operate in molecular segrega-
tion in the case of the flow of polymer solutions through
general porous media.

An attractive interaction between the polymer in
solution and the solid portion of the porous medium can
substantially affect molecular separation. The attrac-
tive interaction counterbalances the excluded volume
until a compensation point is obtained, “the adsorption
® point”(see below), where the excluded volume effect
between the polymer and the flow matrix vanishes.
Selective molecular separation with flow is lost at this
compensation point (see Figure 1). For an even greater
attractive polymer matrix interaction, the polymer
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Figure 1. Partition coefficient, Kp, for a homopolymer in a
slit-like pore of a width of 50 units computed by the Di
Marzio—Rubin lattice method. The compensation point occurs
at the temperature T = 5.48 for a chain on a cubic lattice. The
partition coefficient Kp is independent of molecular weight at
the compensation point. (This temperature is also called the
adsorption © point or “adsorption transition point” for a chain
of infinite length.) The shape and general features of the curves
on this figure correspond well to the experimental elution
volume data of Pasch et al.**

becomes adsorbed onto the surface of the matrix so that
the higher molecular weight polymers exhibit an inhib-
ited flow through the porous media (see Figure 1). This
qualitative phenomenon is rather independent of the
geometry of the porous medium except to the degree to
which the polymer—flow matrix interaction is influenced
by the geometry of the porous medium (see below).

In the present paper we focus on the role of attractive
polymer-surface interactions in the Casassa model since
this model is appropriate to describing molecular sepa-
ration in porous media composed of rigid microporous
particles. This model is also convenient because it can
be combined with the Di Marzio—Rubin lattice model
of polymers confined between interacting surfaces’ so
that the influence of simultaneous variation in molec-
ular architecture and polymer surface interaction can
be explored with this model.

Since the polymer—surface compensation point of
different polymers in a diluted blend or of different
blocks of monomers within a block copolymer are
different and the polymer surface interaction can be
tuned through the mixing of solvents and/or the varia-
tion of temperature, it is possible to achieve molecular
separation of blends and block copolymers and to infer
important features of molecular structure from elution
measurements. The possibilities for molecular selectiv-
ity in block copolymers of various architectures are
explored in this paper theoretically.

Although this paper is focused on the calculation of
the mean value of the peak position in the elution
chromatography of a polymer, a more complete analysis
would consider the entire peak shape. Early on, Her-
mans derived formulas for both the mean value of the
elution volume and the Gaussian distribution about the
mean,® thereby justifying the Casassa viewpoint of
partitioning in size exclusion chromatography (SEC) of
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polymers. Guttman and Di Marzio extended this ap-
proach to the case of flow-through pores as well as dead-
end pores and determined the third moment® (skew-
ness). Weiss has used concepts of trapping to model the
partitioning of an eluent between the flowing and mobile
phases.® This method allows the eluent adsorbed into
or onto the stationary phase or phases to elute out of
the phase/phases according to a phenomenological trap-
ping function (memory kernel). In this treatment,
situations in which the average residence time, @] is
infinite, corresponding to some non-zero fraction of the
material remaining in the column, are easily treated.
The Weiss treatment should prove useful when the
system is on the adsorption side of the compensation
point.

An even simpler approach to understanding the basics
of SEC is a development using the convolution theorem
and the central limit theorem to obtain the average
elution volume and peak spreading of a polymer mol-
ecule in an SEC column of N plates in terms of the
probability distribution describing the elution of the
individual plates themselves. This technical matter is
considered in Appendix A.

2. Elution Chromatography through a
Microporous Particle Media

A. The Casassa Model of Flow Segregation. In
the Casassa chromatography model of flow segregation
of polymers through equilibrium partitioning, the aver-
age elution volume reflects the quasi-equilibrium par-
titioning of the polymer between a flowing “mobile
phase” and “stationary phase”. The stationary phase
corresponds to the solution within the bead pores in
which the polymers are localized, while the mobile phase
corresponds to the region outside the pores where large-
scale transport occurs. The average elution volume V,
in this simple model is given by the additive relation

Vo=V, +KpV, 2.1)

where Vy, is the mobile phase volume, V, is the total
pore volume, and Kp is the equilibrium partition coef-
ficient (see below). For SEC, Kp is less than 1, while
for normal adsorption chromatography, Kp is greater
than 1.

Entelis and others'®1! have studied the chromatog-
raphy of homopolymers experimentally, particularly
end-functionalized “telechelic” homopolymers, from the
size exclusion range through the adsorption range by
varying solvent composition in a mixed solvent system.
A compensation point is found where the partition
coefficients of a homologous homopolymer series equal
unity. At the compensation point, polymers of all
molecular weights have the same elution volume. Thus,
the column has no selecting effect on the polymers. The
elution volume of the polymers at their compensation
point is also the elution volume of the solvent.

Pasch has used this method to investigate the chro-
matography of polymer blends.12 By choosing a solvent
system in which one component of the blend has Kp =
1 while the other is in the exclusion range, he obtained
the molecular weight distribution of one blend compo-
nent without interference from the other component.
Pasch et al.}314 and Zimina et al.1> have also studied
an AB diblock copolymer consisting of a B portion that
is at its compensation point (Kp = 1 for the block alone)
and an A portion that is in the exclusion regime. The
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elution volume obtained from the chromatogram of such
a diblock was found to display only the molecular weight
dependence of the A block so that the B portion was
effectively “invisible” to the column. Similarly, if the
composition of the mixed solvent is at the compensation
point for the A portion and the B portion is in the
exclusion range, then the influence of the A portion is
suppressed; only the B portion is visible to the column.
This method has also been applied to the characteriza-
tion of triblock copolymers.1® These observations pro-
vide a demonstration of how the compensation point can
be used to mask the influence of portions of the polymer
chain in elution chromatography.

All these observations are consistent with the Casassa
quasi-equilibrium model of molecular partitioning in a
microporous separating media. Accordingly, in this
paper we develop a systematic approach to calculating
the partition coefficient of confined polymers of various
architectures and compositions to further explore the
selectivity of this type of chromatography to molecular
architecture.

B. Theoretical Models of Chain Confinement
and Polymer—Surface Interaction. The theory of
flow-induced molecular separation in the Casassa model
is based on the calculation of the partition coefficient
Kp in eq 2.1. The partition coefficient Kp under equi-
librium conditions is equal to the ratio of the partition
function in a pore, Qyore, to the partition function of the
“free polymer” in bulk solution, Qse. Under the quasi-
equilibrium conditions within a chromatographic col-
umn, Kp is approximated by the ratio Qpgre to the chain
partition function in the mobile phase, Qmobile. The
mobile phase is that region outside the pore space of
the particles forming the chromatographic substrate.
Thus, we have the basic relation

KD = onre/QmobiIe ~ onre/eree (2'2)

Casassa’s original modeling of Kp considered only the
exclusion interaction regime corresponding to repulsive
polymer—surface interaction. His model accounted for
both linear and star architectures based on a continuum
Gaussian chain model.# Entelis et al.1% has recently
reviewed the extension of continuous chain modeling to
the case of polymer chains having attractive polymer
surface interactions. This work emphasized telechelic
polymers having end groups whose interaction with the
surface is different from the rest of the polymer. More
recent work by Skvortsov et al.1”18 and Gorshkov et al.»®
has generalized the continuum polymer chain models
to copolymers as well.

Although the continuum models provide important
qualitative insights into molecular partitioning in elu-
tion chromatography when there are attractive polymer—
surface interactions, there are aspects of the molecular
phenomena which are better described by the lattice
model calculations. Specifically, the factors which
govern the critical temperature for adsorption cannot
be calculated on the basis of continuum theory and the
continuum theory gives unphysical results for certain
properties when the polymer—surface interaction is
strongly attractive.?° More importantly for the present
paper, the continuum model allows for only a limited
discussion of chain architecture variation on Kp. The
Di Marzio—Rubin lattice theory” of confined surface
interacting polymers, on the other hand, lends itself
readily to the study of essentially arbitrary molecular
architecture variations, confinement, and polymer—
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surface interactions. These are the details which are
essential in using elution chromatography as a quan-
titative tool for separating complex molecules.

C. Assumptions and Limitations of the Chro-
matography Model. The modeling in the present
paper is based on a number of idealizations in addition
to the adoption of the Casassa model of molecular
separation by flow. In this section we discuss some of
the other factors which should ultimately be included
in a more molecularly faithful model of elution chro-
matography. We also take this opportunity to define
some nomenclature before developing our detailed model
of molecular partitioning in the next section.

First, we must recognize the complex structure of the
pore space in real chromatographic materials and that
any particular model of the pore shape necessitates
idealization. Fortunately, there are general mathemati-
cal limit theorems which govern the free energy change
of confined polymers.?2! Regardless of the mode of
confinement (cylinder, slit, sphere, ...), the free-energy
change of confinement AF in the long chain limit has
the asymptotic form

KD = onre/eree =

exp(—AF/KT) ~ exp(—4,n), n—o (2.3)

for flexible polymer chains where n is the polymerization
index (proportional to molecular weight) and 1; is an
eigenvalue. In the exclusion regime and the continuum
chain limit, A1 is inversely related to the first-passage
time of a random walk to encounter the boundary for a
walk which starts within a region having essentially
arbitrary shape.??2 For ordinary random walks the
mean-square displacement increases proportional to the
time-like variable n so that 1, scales as

Ay ~ 1P (2.4)

where L is a characteristic dimension defining the
average size of the region in which the chain is con-
fined.?2?2 Explicit calculations by Casassa for idealized
geometries (slit, cylinder, sphere)*%23 provide examples
of the general scaling relationship in eq 2.4. Casassa
also calculates the constant of proportionality for these
special geometries.

Since the particular geometrical form of confinement
influences only the nonuniversal constant of propor-
tionality in eq 2.4, we have some freedom in choosing a
model of confinement based on mathematical expedi-
ency. The particular geometrical model of chain con-
finement within a pore should not affect the qualitative
estimates of the partition coefficients, which is fortunate
given the complex form of the real pore space. The slit
geometry which we consider in the present paper
captures the salient features of the reduction of chain
degrees of freedom due to the confinement and should
serve as a minimal model to describe the confinement
effect. Equations 2.3 and 2.4 have also been used to
develop a theory of rubber elasticity of confined net-
works based on a similar philosophy.2*

The neglect of polymer—polymer excluded volume
interaction is a shortcoming of our modeling and most
other modeling of polymer elution chromatography.
However, Monte Carlo calculations show that many of
the essential features of molecular partitioning are
uninfluenced by segment—segment excluded volume
interaction. There is a shift in the critical temperature
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which accords with expectations2® based on the entropy
change per link of self-avoiding chains versus random
walk chains and the exact calculation of critical tem-
perature for adsorption of simple random walks by
Rubin.26 This is not a complication in our modeling
since the critical temperature is determined experimen-
tally. Numerical calculations show that eq 2.3 is also
obtained for self-avoiding walk (SAW) chains, but the
scaling in eq 2.4 becomes modified as?’

Ay~ 1LY (2.5)

where v describes the scaling of average SAW chain size
R with chain length n,

R~n" v ~ 10/17 (2.6)
The asymptotic scaling relation egs 2.3 and 2.5 are also
important in connection with finite-size corrections in
second-order phase transitions (see Appendix B).

The general limit theorem eq 2.3 also obtains when
attractive polymer—surface interactions exist which are
sufficient to adsorb the polymer. In this case the
confinement scale L in eq 2.4 is replaced by a correlation
length describing the thickness of the adsorbed layer.28
The sign of the eigenvalue 4; becomes reversed in the
adsorbed chain regime so that the partition coefficient
becomes much greater than unity and high molecular
weight elution through the column is inhibited. Direct
measurements of log Kp for polystyrene with a silica
particle gel substrate for a series of mixed solvents
ranging from the exclusion to the adsorption regime?®
exhibit a linear dependence on molecular weight, as
indicated by eq 2.3, which provides an important
consistency check on the Casassa model of elution
chromatography and the insensitivity of the phenom-
enology to solvent quality.

The condition Kp = 1 is often identified as a “critical
point” of polymer adsorption and chromatography in the
interaction range where Kp =~ 1 is often termed “critical
chromatography”. This identification is correct in the
limit of infinite chains, but for finite chains (i.e., real
chains) adsorption occurs at lower temperatures which
depend on chain length.® The condition Kp = 1 actually
defines a compensation point where attractive and
repulsive interactions counterbalance each other, and
this condition is exactly analogous to the ® point of
polymer solutions.3® This connection is apparent from
considering the difference A; = Kp — 1,

A= onre/eree -1 (2.7)

which is an analog of the definition of the second virial
coefficient,3° A,, for interacting polymer where Qpore is
replaced by the partition function of the two interacting
chains and Qxee is the square of the single chain self-
interacting polymer partition function. Equation 2.7 is
effectively a “first virial coefficient”3! describing the
interaction between the polymer and the substrate. The
relation between the adsorption ® point and the con-
ventional © point for polymer excluded volume is
discussed in previous work.2532

There are two other factors left out of our model of
molecular partitioning which can be important in some
circumstances—chain rigidity and the roughness of the
gel matrix. The adsorption ® point Kp = 1 and the ®
point for polymer interactions (A; = 0) are influenced
by chain stiffness.?® The dependence of the compensa-
tion point for polymer adsorption on stiffness is evident.
Little chain conformational entropy is involved in ad-
sorbing polymer chains from solution. However, con-
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finement of a real chain to a pore can alter the chain
rigidity®* and thus influence the effective polymer
surface interaction if the confinement effect is large.
Kholodenko et al.3> have recently treated the confine-
ment of semiflexible chains between interacting parallel
plates. Numerical calculations by Davidson et al.36
suggest that chain flexibility can have an appreciable
influence on molecular partitioning. In practice we
expect semiflexibility effects to be important for studies
involving a large range of molecular weights since
semiflexibility varies with chain length in short polymer
chains and for pores which have a scale on the order of
the statistical segment length. Semiflexibility effects
can be readily incorporated into the Di Marzio—Rubin?
lattice model but shall not be explored further in this
paper.

The roughness of the matrix can also influence the
adsorption © point if the roughness pattern occurs over
a wide range of scales®” (i.e., fractal type structures).
This should not complicate the case of model porous
media having pores with a relatively narrow range of
sizes, however. Explicit calculations show that the scale
of confinement3® and smooth variations of boundary
shape have little influence on the adsorption transition
temperature.3®

As a final reservation about comparison with experi-
ment we note that the experimental procedure of
varying the polymer—solvent interaction through the
use of solvent mixtures is not well understood theoreti-
cally. The phenomena observed in the chromatography
experiments does suggest that the primary influence of
using mixed solvents is to alter the surface interaction.
As discussed above, part of this effect must derive from
an alteration of the polymer—polymer excluded volume
interaction, which in turn can affect the adsorption ©
point. Any preferential absorption of the polymer by
one of the components would affect the absorption ©
point. Furthermore, the occupation of the surface sites
at random by the components of the fluid mixture
should also modify the potential of mean local polymer—
surface interaction. The tendency of particular compo-
nents to wet or preferentially associate with particular
parts of the surface are complications in practice for
such mixed solvent polymer solutions.

3. Matrix Method Calculation of Kp for
Homopolymers, Block Copolymers, Stars, and
Combs.

The Di Marzio—Rubin lattice model allows for the
calculation of the ratio of the partition function of a
chain in a slit to the same chain in solution. Thus, the
Di Marzio—Rubin model yields Ky for a confined poly-
mer. We next apply the matrix method of calculating
Kp to describing the elution chromatography of ho-
mopolymers, copolymers, and branched molecules such
as stars and combs. The sensitivity of molecular
segregation near the compensation point is particularly
examined to estimate the possibilities for achieving
molecular separation through control of the polymer
surface interaction.

The partition function, Q(m,N), of a random walk
homopolymer of N repeat units starting at level m away
from the surface but confined between two parallel
plates is given by

Q(m,N) = U, ,q(®" *P(0)/M 3.1)

The partition coefficient for the same homopolymer
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without the end constraint equals

Kp(N) = ZQ(m,N) = Uq(0)" 'P(O)M  (3.2)

where M is, as before, the plate separation, Uy, is the
row vector with all zeros except a single 1 in the mth
position, U is the row vector with all 1's , P(0) is the
column vector (e, 1, ..., 1, e), and the matrix q() is
defined as

ae) =

(1 —a)e’ Y,ae’

Y,a 1-a Y,

a 1-a Y%a

,a 1-a

1-a Y,a
La 1-a Ya

1,8’ (1 — a)e’

(3.3)

where 6 = ¢/kT, € is the energy of adsorption for a
monomer contacting the surface and a/2 is the fraction
of steps toward or away from the confining surface.
Different lattices are treated by proper choice of a. In
this paper we will choose a three-dimensional cubic
lattice where a = /3. M is the total number of layers
including the plate walls. One can also allow for
arbitrary energies ¢(m), where m is the layer number,
by multiplying each row of the matrix by exp[e(m)/KT].
One can also model the internal stiffness energies of the
chain to whatever level of approximation is required.”40

The extension of the Di Marzio—Rubin lattice method
to block copolymers has particular interest for chroma-
tography. For the present study, we assume each
different kind of monomer of the block copolymer
interacts with the surface with an energy ea or g and
that each chain walks on the same cubic lattice (aa =
ag). Again disregarding interactions within the solu-
tion, we obtain for a block copolymer of na consecutive
repeats of A-type monomers and ng consecutive repeats
of B-type monomers the partition coefficient Kp

Kp(R,S) = Uq(6,)™q(6s)™P(0)/M (3.4)

where q(6,) is the matrix of the A monomers and q(6g)
is the matrix of the B monomers. Extensions to other
linear chain architectures are obvious. All that is
necessary is to retain in eq 3.4 the same sequence that
exists in the polymer chain. Further, since we can make
calculations for branched, graft and star homopolymers
and ring polymers,%%41 it is obvious we can also consider
copolymers having these more complex architectures.

A. Kp for Homopolymers. We first consider a
homopolymer molecule in a solvent with varying solvent
strength or temperature. We examine Kp as a function
of temperature (when we refer to a variation of “tem-
perature”, we additionally imply varying the polymer
surface interaction € by using mixed solvents, pressure,
etc.). The partition coefficient for a plate separation of
50 lattice units is shown in Figure 1. This numerical
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calculation is to be compared with the experimental data
in Figure 1 of Pasch et al.13

The qualitative features of the experimental data of
Pasch et al. and those of our model are very similar.
We notice the Pasch et al. data at low molecular weight
has the entire exclusion regime and the absorption
regime squeezed into the region near Kp = 1 since there
is limited effect of confinement on the free energy. This
is where the solvent is expected to elute. For SEC the
solvent and polymer elute at the same volume when the
number of monomers in the polymer approaches unity.
The vertical line is for Kp = 1 for all molecular weights.
This means that for this polymer—carrier solvent com-
bination the column cannot separate the polymer from
the solvent. As shown below, this feature provides a
basis for making one component of a diblock copolymer
invisible while separating the diblock based on the
molecular weight of the other component.

A notable feature of both the experimental curves and
the theoretical curves is their large information content.
The variation of volume elution with composition of
solvent is a new dimension of information that we, along
with the previous workers in the field, now seek to
exploit. The challenge is to use this information to
determine the structure and composition of the polymer
molecules.

B. Kp for Diblocks. We next consider a diblock
copolymer. One block, A, has na segments with only
exclusion interactions with the wall and the B block has
ng segments with both attractive and exclusion interac-
tions with the wall. For the block whose monomers
have attractive interactions with the wall we look at
attractive energies equivalent to T = 5.48 (e/k = 1),
which is the compensation point for the infinitely long
chain on a cubic lattice.

Figure 2 shows Kp for these chains versus the
logarithm of the length na of the A block which is the
block with zero energy of attraction to the wall and the
B block which is at the compensation point. As we see,
there is no effect on the chromatogram due to variation
of the number of B segments, ng, on the Kp of the
diblock copolymer. The Kp of the AB block copolymer
is independent of the number of segments with attrac-
tive interactions if we are at the transition or compen-
sation point. Within this model, the column should be
effectively “invisible” to the block of B’s in the copolymer.
We are looking at the molecular weight distribution of
the A block only. Alternatively, if we use a solvent for
which the A component is masked, we could separate
the molecules from the B component alone. Thus, the
use of mixed solvent carriers allows us to examine the
internal structure of the diblock copolymer.

These theoretical results agree with the chromato-
graphic data of Pasch et al.’® and Zimina et al.’®> In
their experiments on diblock copolymers Pasch et al.
found that the molecular weight distribution of the A
polymer determined by SEC is unaffected by the pres-
ence of the B block provided the solvent mixture is
adjusted so that the system is at the adsorption com-
pensation point of the B component. Thus, both theory
and experiment conclude that the presence of the block
B at its compensation point does not affect the elution
volume of the excluded chains. This singular observa-
tion provides support for the Casassa model of the
chromatographic separation which is based entirely on
an equilibrium partition concept.

C. Effect of Pore Size on AB Diblock Partition-
ing. Since the columns used in this chromatography
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Figure 2. Partition coefficient Kp for an A—B diblock copoly-
mer. na A monomers in the DiMarzio—Rubin lattice method
are excluded from the wall, while ng B monomers are at the
compensation point, T = 5.48. The curves are seen to be
independent of the number of monomers in the B portion of
the chain. This shows that the molecular weight distribution
of the A’s in the presence of the B’s can be obtained chromato-
graphically by masking the B component. These calculations
are made for slit widths ranging from 20 to 250 lattice
spacings.

do not have a single pore size, we need to consider the
effect of pore size on the position of the compensation
point and on Kp. Casassa*? found that the pore size
dramatically affects the partition coefficient in the
surface exclusion regime. In the fully absorbed case of
the polymer the partition function is little affected by
pore size since the polymer is adsorbed against the pore
wall. In the adsorption regime the effect of pore size
has been studied by Di Marzio and Rubin.” They showed
that slit separation, M, had little effect on the compen-
sation point. This is evidently a consequence of the fact
that when the polymers are strongly adsorbed onto the
surface, the segments of the chain do not contact the
other boundary unless the other surface is very close to
the surface onto which the segments are adsorbed.

For an AB block we see in Figure 2 that for slits from
widths of 20—250 there is no effect of the making of the
polymer invisible; and the calibration curve for the part
that is not invisible is independent of the size of the
invisible block. The same is expected to be true for the
BAB triblock where the B is the masked section.

D. Numerical Treatment of BAB Triblocks. We
next consider two cases of triblock copolymers. In one
case the block with no attraction to the wall is the center
block (BAB). In the other case the blocks with no
attraction to the wall are the outside blocks (ABA).
Obviously, by proper choice of solvent any triblock
copolymer can be transformed into the other. However,
from the point of view of the chromatography, this
distinction is important because triblocks with an
“invisible” center behave differently than triblocks with
“invisible” ends.

In Figure 3 we show the data for a BAB triblock that
has the A groups with no attraction to the wall and the
B blocks with attraction to the wall, but at the compen-
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Figure 3. Partition coefficient Kp for a B—A—B triblock
copolymer in a slit of 50 lattice spacings. The A monomers are
excluded from the wall, and the B monomers are at their
transition point T = 5.48 of the homopolymer of B segments.
na is the number of A monomers, and ng is the number of B
monomers in each block. The number of B’s in each block
varies from zero to 1000 with no apparent change on the value
of the Kp for the various values of A. This shows we can obtain
the molecular weight distribution of the A’s in the presence of
the B’s for a B—A—B triblock where the B blocks are masked.

sation point for the B blocks. Again, we see there is no
effect of the existence of the B blocks on the SEC of the
A block. This form of chromatography allows us to see
into the interior of the triblock. This result is similar
to the diblock case and is expected. The experimental
data of Gorshkov et al.1® on poly(ethylene oxide-block-
propylene oxide) shows this behavior.

E. Numerical Treatment of ABA Triblocks. We
now consider the ABA triblock where as before the A
blocks have no attraction to the walls and the interior
B block is the masked block. The two A blocks are
chosen to have the same size in this example. In Figure
4 we plot Kp at the compensation point of the B block
against the total number of A’s for various lengths of
B. The first observation is that there is no simple
superposition as there was for the BAB triblock. These
curves nearly superpose, but not quite. The superposi-
tion is closer to the chains with a smaller number of
B’'s than with a larger number of B’'s. Thus, the
approximation

Ko aea = Kp2a (3-5)

holds rather well for chains having short B lengths. The
partition function, Kp 24, is the exact partition coefficient
for a chain whose B length equals zero, i.e., the ho-
mopolymer of length 2A.

We can also consider the effect of varying the B length
from the extreme where the A blocks are unattached
from one another. This situation should be a good
approximation to the case where the B length is very
long compared to the slit width and leads to the
approximation

Kp.aea = (KD,A)2 (3.6)
Data for the ABA triblock plotted with the approxima-
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Figure 4. Partition coefficient Kp for an A—B—A triblock
copolymer for slit widths of 20, 50, and 150 lattice spacings.
The A monomers are excluded from the wall, and the B
monomers are at their compensation point, T = 5.48. This
shows the effect of two A chains tied together by a phantom B
chain. The number of B’s varies from zero to 100 000. The
partition function for the A chain with zero B monomers (a
homopolymer of 2A monomers) is shown by open circles in the
figure. The homopolymer of 2A monomers best represents the
partition function with varying phantom B’s for ABA blocks
provided ng is small.

tion in eq 3.6 are plotted in Figure 5. Here the equation
is best fit with data with the chains with large B
lengths.

From the above discussion, we see that the effect of
making B invisible in the ABA triblock is not as easy
to interpret as in the diblock case or in the BAB triblock
case. In the first place varying the molecular weight of
the B component results in slightly different curves, so
that the B component is no longer invisible. Using
either model, the curves do provide a good rough
indication of the triblock copolymer partition coefficient.

F. Effect of Pore Size on Partition Coefficients
of ABA Triblocks. What is the effect of wall separa-
tion in the triblock case? In earlier sections numerical
work for triblocks with separations of 50 lattice units
only was discussed. Much larger separation, 150 lattice
units, and much smaller ones, 20 lattice units, are
shown in Figures 4 and 5. As we increase or decrease
the plate separation, ABA copolymer chains with small
B blocks are modeled best by models in which we
assume that the two A chains are joined, i.e., are
correlated. This is seen in Figure 4. This is not true
for the uncorrelated model in Figure 5. As we increase
the plate separation, the “squared model”, eq 3.6, shows
significant deviation for all chain sizes. We have put a
block of B 10 000 units long in the ABA triblock in this
plot, and we see that for a plate separation of 150 the
curve is beginning to approach the model line. On the
other hand, if we make the separation 20, then we see
that all but the smallest length of the B block give a
good fit to the model.

The above discussion suggests that the loss of cor-
relation as envisioned by the model above is a result of
the combination of the size of the B block and the plate
separation and pore size. This is consistent with results
we found earlier on the effect of separation in a dilute
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Figure 5. Partition coefficient Kp for an A—B—A triblock
copolymer for slit widths of 20, 50, and 150 units. The A
monomers are excluded from the wall, and the B monomers
are at their transition point, T = 5.48. The number of B’s varies
from 10 to 10 000 monomers. The partition function for the A
chain with no B monomer is significantly different from the
ones with the B block in the chain. This figure shows the effect
of assuming that the two A chains tied by a phantom B chain
between are uncorrelated. The Kp of two uncorrelated chains
then equals Kp aga = Kp 2. The partition function of the ABA
chain as the product of the partition function of the two blocks
of A each of length na is shown by an open circle. As seen from
the figure, this model is a good representation of the data when
ng is large.

solution of strong bonds (chain segments which had
attractions to the wall) in polymer made up of weak
bonds (chain segments which were only excluded from
the wall). In this work we found that the effects arising
from the strong bonds became independent of their
concentration in the pore—losing memory of the actual
concentration of the strong bonds.#! The data on the
ABA triblock copolymers are consistent with this view.

G. Kp for Stars. Using Q(m,N) from eq 3.1, we can
define Qi(m,N;) to be the partition function for the ith
chain of the star, which consists of N; segments and
which begins at level m. Then, the partition function
for the star is given by

Qstar) = ¥ []QmN) (3.7)

Each arm of the star can be a homopolymer, a copoly-
mer, or a comb polymer. This equation has been
discussed previously.*!

We first consider if the absorption ® point of the
homopolymer star is changed resulting from the archi-
tecture of the star. In Figure 6 we show the absorption
compensation point for homopolymer stars when the
number of arms varies from 2 to 6. The temperature is
set at the adsorption compensation point for the infinite
homopolymer, T* = 5.48 where the homopolymer is
expected to have Kp = 1 for any long chain. We see in
Figure 6 that there is only a small change in the
compensation point due to the number of arms. Overall
there are very small changes in the Kp as we increase
the number of arms, Kp changing less then 1%.
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Figure 6. Partition coefficient Kp for a star homopolymer at
the transition point of the infinitely long linear homopolymer,
T = 5.48. The number of monomers in each B arm, ng, is
plotted as the ordinate and the number of arms with B
monomers, Ng is varied from 2 (a homopolymer) to 6. The
figure shows that moderate branching affects the compensa-
tion point only slightly. However, there should be a significant
effect of branching in the exclusion limit.®

For this paper, we also consider a block copolymer
star with each arm as either a homopolymer of A or a
homopolymer of B. That is, the armed star is of the
form (AA...AA)N.(BB...BB)Ng Where Np is the number
of homopolymer arms made up of A segments and Ng
is the number of homopolymer arms made up of B
segments. Again, making the B invisible lets us only
see the A, as seen in Figure 7. Figure 7 shows the Kp
of a star with five A arms and between 0 and 20 arms
at the compensation point. Again we show little effect
of the increasing number of arms in the exclusion
regime Kp and in the position of the compensation point.

H. Kp for Combs. Now we consider Kp for combs.
Suppose that for every t monomers along the backbone
consisting of N segments we have a side group consist-
ing of 3 monomers of energy of attraction for the surface
of Ae.. The partition function for the comb-like polymer
is given by

Ko(N) = UT(q(6)*C(6)M*P(0) (38)
where C(6) is defined by eq 3.9,** where Q(m,J) is the
partition function for a polymer of length J which is
forced to start at level m from eq 3.10. Each of its
(1 — a)e’Q(1,J) “,ae’Q(1,J)
",2Q(2,9)
',2Q(3,9)
c(h) = ’

1 -a)Q(2,J) ,aQ(2,J)
(1 -a)Q@3,J)
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Figure 7. Partition coefficient Kp for a star copolymer where
each branch is either a homopolymer of A or a homopolymer
of B in a slit with a width of 50 lattice units. As in all other
figures, the A monomers are excluded from the wall and the
B monomers are at their compensation point, T = 5.48. The
number of A-type arms is held at 5, and the number of arms
with all B monomer, Ng, is varied from 0 to 20. For any
polymer all the arms were of the same length. The ordinate is
the logarithm of the total number A of segments in the chain,
nANA.

segments has an energy of interaction with the surface
of value Ae.. For small values of J writing the functions
down is best directly by means of recurrence relations.

Q(1,1) = z(1 — a)e’ + za/2,
Q(2,1) = z(1 — a) + zae”/2 + zal2,

QB1) =z, .. (3.10)
Q(1,2) = z(1 — a)e”Q(1,1) + Q(2,1)za/2
Q22 =

(zae™2)Q(1,1) + z(1 — a)Q(2,1) + (za/2)Q(3,1)

Q@B.2) =

(za/2)Q(2,1) + z(1 — a)Q(3,1) + (za/2)Q(4,1)
These equations relate an n-step partition function to
an (n — 1)-step partition function by taking a first step
toward, parallel to, or away from a surface. The general
recurrence term is obtained if we first define 6, as the
energy that a segment sees at level m. Then

1,aQ(3,9)
(3.9)

(1 —-aQM—2,J) Y,aQM —2,J)
,aQM —-1,3) (1 —-aQM —1,3) "L,aQM — 1,J)
'/,ae’°Q(M,J) (1 — a)e’Q(M,J)
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Figure 8. Partition coefficient Kp for a comb homopolymer
whose teeth are at the absorption transition point of the
infinitely long linear homopolymer, T = 5.48. The number of
B-type segments in each tooth is varied from 4 to 1000. The
number na of A-type segments in the backbone is plotted as
the ordinate. The number of teeth in each chain is 25.

Q(M.J) = (za/2) exp(fm_1)QM—1,3-1) +
2(1 — a) exp(0,,)QM.I—1) +
(2a/2) eXP(Hyms1)QAM+1,I—1) (3.11)

This equation includes all values of (m,J) if we let Q(0,J)
= Q(M+1,J) = 0, and use eq 3.10 for Q(m,1). It is
obvious by an extension of the discussion at the end of
section 2.1 that the backbone could be a block or random
copolymer, as described above, and/or each graft could
be different.

We first consider if the compensation point is changed
by the architecture of the comb. In Figure 8 we show
data for comb polymers with teeth grafted to the
backbone. The length of the backbone and the length
of the arms are varied. The partition coefficient Kp at
the compensation point, T* = 5.48, varies by as much
as 7%. This is the largest change we have seen because
of the chain architecture.

Here we only consider the case of a comb graft
copolymer with a homopolymer backbone in the exclu-
sion regime and the homopolymer teeth at the compen-
sation point. Thus, by our naive view we should see
only the backbone. Nevertheless, we see in Figure 9
that there is a small effect of the comb on the Ky on the
backbone chain at the compensation point of the teeth
for a comb of 5 teeth. For a comb of 25 teeth the effect
is much larger, as seen in Figure 10.

We do not pursue copolymer combs or stars further
in the present paper, but we plan to look at the many
implications of these architectures on elution chroma-
tography in a future paper.

4. Discussion

In accord with experiment and previous theory we
find that when SEC is extended to the vicinity of the
“adsorption © point” (also called adsorption transition
point or compensation point) regime, information on the
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Figure 9. Partition coefficient Kp for a comb graft copolymer
where the backbone is a homopolymer of A and the teeth are
homopolymers of B in a slit width of 50 lattice units. As in all
other figures, the A monomers are excluded from the wall and
the B monomers are at the compensation point, T = 5.48, for
their linear homopolymer of B. The number of teeth per chain
is 5.
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Figure 10. Partition coefficient Kp for a comb graft copolymer
where the backbone is a homopolymer of A and the teeth are
homopolymers of B in a slit width of 50 lattice units. As in all
other figures, the A monomers are excluded from the wall and
the B monomers are at their compensation point, T = 5.48,
for the linear homopolymer of B. The number of teeth per chain
is 25.

internal structure of the polymer can be obtained. For
a diblock copolymer one can choose a mixed solvent
system for which one component, B, is near the adsorp-
tion compensation point and the other component, A,
is in the SEC region. For this case the B portion of the
molecule is invisible to the column, and only the
molecular weight distribution of the A portion shows
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up in the chromatograms. Thus, by choosing the solvent
mixture properly, one can mask the B component.

The chromatogram for a BAB triblock copolymer
again contains only the molecular weight distribution
of the A component. For ABA triblocks the situation is
more complicated. Here it is only approximately true
that the B component is invisible to the chromatography
column. The molecular weight distribution of the sum
of the molecular weights of the two end blocks is
obtained.

The influence of chain architecture on chain elution
is also investigated. For stars the results fall easily in
line with our predictions about diblock copolymers. For
combs the results are more complicated. Both these
architectures require further consideration.

The structure of the curves we have produced is
similar to those found by Pasch and others experimen-
tally. Does this mean the effects of the chain excluded
volume and of the segment—segment interaction in the
chain cancel out in Kp? If this were rigorously true,
then it would suggest these effects are separable. Most
likely they are absorbed into the phenomenological
constants such as the critical temperature.

The elution volume curves in Figure 1 have more
information than we have used. An interesting, yet
unanswered, question is how this information relates
to the internal structure of the polymer and the internal
structure of the pores.

Finally, the present modeling and the related experi-
ments suggest important implications about the mech-
anism of polymer separation chromatography. It is
often considered, through arguments of universal cali-
bration, that the mechanism of separation in SEC is not
exclusively thermodynamic.4243 This may be the case
in the strong exclusion regime, but these results and
the confirming experiments suggest that this is not the
case in the regime of surface adsorption. This most
naive thermodynamic view of elution chromatography
(we have not included polymer-polymer interactions)
gives a good accounting of the main features of the
phenomena. Thus, the elution volume in the regime
near the surface absorption compensation point is not
related to the hydrodynamic volume.

The above discussion suggests that the hydrodynamic
volume may control the volume elution in the exclusion
limit only. Any small amount of adsorption most likely
invalidates “universal calibration” in terms of hydro-
dynamic volume alone. Earlier studies of the failures
of universal calibration may have not considered this
effect sufficiently.

Appendix A. Central Limit Theorem Approach
to Understanding SEC

The probability distribution P(ty) for elution of a
polymer molecule from a column of N plates at time ty
is given by the convolution operation on the distribution
function p; for the individual plates,

Pty = [ [..[ [ap(t; —ti_Jrdt1<j<N,t,=0
(A1)

This formula presupposes that there is a sequential
visiting of plates (no backward flow). In size exclusion
chromatography pj is given by

Pi(7) = 0yp; 1(7) + aP;o(7) (A2)

where for plate j, a; is the probability of the polymer
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being in the flow region and a; is the probability of the
polymer being in a pore (a1 + o2 = 1). pj(7) is the
normalized probability that the polymer molecule elutes
from the flow region of plate j at time ; p;.(7) is the
normalized probability that the polymer elutes from the
pore at time r.

Normal SEC (in the pure exclusion range) is described
by pj(r) functions whose means and variances are finite.
Then the central limit theorem ensures that P(ty) is a
Gaussian distribution whose mean is given by the sum
of the means of pj(r) and whose variance is given by the
sum of the variances.

However, in the adsorption range it is known that
some of the material is adsorbed in the column. This
can only mean that for some of the pj.(r) the mean
values F0are infinite.

A= [7p;,(r) dr = e (A3)

For this case Levy flight methods must be used to
determine P(ty). The work of Weiss? is relevant to this
problem when either the first or second moments are
infinite. An infinite first moment corresponds to reten-
tion of eluent in the column, while an infinite second
moment corresponds to a skewing of the peak without
retention.

One can generalize eq A2 to be a matrix. This is
useful if one does not want to allow the polymer to jump
directly from stationary phase to stationary phase, i.e.
if one assumes that the polymer must reside in the
mobile phase during its sojourn from stationary phase
to stationary phase. Using the matrix

p;(z) = (A4)

01Pj11 C2Pj 12
P21 0

accomplishes this goal with cipj11 = cupj21 = oupj1,
02pPj21 = azPj2. The folding theorem gives for P(s), the
Laplace transform of P(ty)

P©) = U'[p6)P (AS)

where P is the column vector 1,0 corresponding to the
fact that we inject the polymer into the mobile phase
and UT is the row vector 1,0 if we are detecting the
polymer in the fluid phase only, and 1,1 if we are
simultaneously detecting the polymer in both the fluid
and stationary phases.

Appendix B. Shift of Critical Temperature T of
Second-Order Phase Transitions Due to Finite
Size and Surface Interaction

The critical temperature of many kinds of second-
order phase transitions such as those described by the
Ising model (phase separation in fluids, spontaneous
ordering in magnets, ...) is influenced by finite size
effects and surface interactions. The calculation of this
shift is very similar to the calculation of Kp for polymers
interacting with confining boundaries. Domb** first
noted that the survival probability of a self-avoiding
walk with confining (repulsive boundary or compensa-
tion point boundary conditions) boundaries was related
to the critical point shift in the Ising model. Bray and
Moore*® and subsequently others*—48 developed the
equivalent of the Casassa model for the repulsive slit
geometry for the mean-field estimate of the critical
temperature shift due to finite size (this shift is equal
to A; in eq 2.4). The more general case of self-avoiding
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walks confined to a parallel plate geometry with inter-
acting boundaries has been treated recently by Ishin-
abe*® and discussed in relation to the critical tempera-
ture shift of T, for the Ising model. This calculations
indicate that the T, of the Ising model can be shifted
either up or down depending on the magnitude of the
surface interaction. Measurements on fluid condensa-
tion in confined geometries®® and thin polymer blend
layers®! show transition temperatures which are either
raised or lowered depending on the chemical nature of
the surface. We also note that the glass transition
temperature of thin polymer films has been observed
to shift either up or down depending on surface chem-
istry®2 so that accurate calculations of Kp for confined
polymers interacting with boundaries may provide
important insights into shifts of the glass transition and
the nature of the glass transition. It should be noted
that no definitive theory of the glass transition exists
but that the successful thermodynamic model of Gibbs—
Di Marzio® predicts that the glass transition is second
order in the Ehrenfest sense. A comparison of experi-
mental shifts in the glass transition with those expected
for second-order transitions should provide some insight
into the nature of the glass transition.

As a matter of notation we note that the “adsorption
© point” in the polymer partitioning problem is denoted
as the “special transition” in the Ising model or the
“normal transition” in the context of fluid mixture phase
separation. Recently, there have been attempts to
identify the “special transition” using surface tension
measurements of polymer solutions.*”:54
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