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ABSTRACT: The partitioning of a diblock copolymer (AB) and a triblock copolymer (ABA and BAB) into
a pore, at a condition similar to that employed in the experimental liquid chromatography at the critical
condition (LCCC), was investigated by lattice Monte Carlo simulations with self-avoiding-walk chains.
The B block is set at the predetermined critical condition where the partition coefficient of a homopolymer
B has a least dependence on its chain length, and hence becomes chromatographically “invisible”. The A
block is set at the size-exclusion mode and is chromatographically “visible”. The partition coefficients of
these copolymers were compared with that of a homopolymer A with the same (total) length of the visible
A block(s). The partition coefficient of a diblock, Kag, was found to be larger than Ky, especially when the
A Dblock was short and the B block was long. The difference tends to vanish with an increase in the A
block length or a decrease in the B block length. A smaller pore also tends to decrease the difference
between the two. For the triblock copolymers, the partition coefficient for BAB, Kgap, was found to be
larger than K, and was almost equal to Kug, but the partition coefficient of ABA, Kaga, was found be
smaller than K. These simulation results are in remarkable agreement with experimental observations.
As a result, the length of the visible block in diblock copolymer AB and triblock copolymer BAB would be
underestimated, and that in triblock copolymer ABA would be overestimated in LCCC. The origins of

these observed differences in partition coefficients are explained.

Introduction

Block copolymers are composed of sequences (“blocks”)
of the same monomer unit covalently linked to se-
quences of an unlike type at its end,!? such as in diblock
copolymers AB, triblock copolymers (ABA or BAB), and
multiblock copolymers (AB),, where A and B represent
different types of blocks. These block copolymers possess
unique properties originating from their special archi-
tectures and have found important uses. For example,
block copolymers form micelles and are used in drug
delivery.3* Asymmetric diblock copolymers serve as good
templates for nanowire arrays.® Block copolymers are
also frequently used to modify interfacial properties.57

The properties of block copolymers depend on the
chemical structures of the repeat units as well as the
architectural arrangements of the repeat units.5~8 The
microphase morphology formed by diblock copolymers
depends critically on the relative length of the two
incompatible blocks.® Hence, it is important to know not
only the overall molecular weight of the block copoly-
mers, but also either the molecular weight of each
individual block or the chemical composition of the block
copolymers. Size-exclusion chromatography (SEC) can-
not provide information on the chemical composition
since the hydrodynamic volume of a diblock copolymer
chain is affected by both the molecular weight and the
chemical composition.? Liquid chromatography at the
critical condition (LCCC) has been proposed as a
promising method to characterize individual blocks in
block copolymers.? The idea of LCCC is to find a special
condition, termed the “critical condition”, where the
elution of the homopolymer in the column could become
independent of its molecular weight. When one of the
blocks is set at such a critical condition, that block may

* Corresponding author. Telephone: (901) 678-2629. Fax: (901)
678-3447. E-mail: ywang@memphis.edu.

10.1021/ma050899a CCC: $30.25

be deemed as chromatographically invisible; thereby the
retention of the block copolymer chain may be solely
dependent on the visible block(s). The standard calibra-
tion method can then be used to determine the molec-
ular weight distribution of the visible blocks. Zimina and
his colleagues!® took block copolymers of poly(styrene-
b-methyl methacrylate) and poly(styrene-b-tert-butyl
methacrylate) as examples and successfully performed
the characterization of these block copolymers through
LCCC. Others have also reported the usefulness of
LCCC in estimating the molecular weights of the
individual blocks in block copolymers,!! as well as in
separating polymers according to functionalities and
other structural features.1213

The theoretical predictions of chromatographic invis-
ibility were given by Gorbunov and Skvortsov!415 for a
Gaussian chain in continuum space and by Guttman
et al.18 for a random walk chain on the lattice. In both
theoretical approaches, the monomer overlaps between
segments are allowed, a simplification that has to be
made in these theoretical studies. According to the
theories, the critical condition in the liquid chromatog-
raphy of polymers represents the thermodynamic state
where the entropic size-exclusion effect of the polymer
is precisely compensated by the enthalpic interaction
of the polymer with the pore surface, which renders the
partition coefficient of polymer between the confined
solution in the pore and the bulk solution to become
unity and completely independent of the molecular
weight of the polymer. When one of the blocks (for
example, the B block) of the block copolymer is rendered
invisible, theories predict that the partition coefficient
of the AB diblock copolymer Ksg and of BAB triblock
Kpap are the same as that of the homopolymer A with
the same length. Accordingly, if the elution of polymers
in LCCC is governed entirely by the distribution coef-
ficient K (a condition called “quasi-equilibrium”, which
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is believed to be held in these chromatographic separa-
tions), then the estimations of the molecular weight of
the A block in AB diblock copolymer and BAB triblock
copolymers should be accurate in LCCC. For the ABA
type, however, Guttman et al.!® and recently Gorbunov
and Vakhrushev!? found that Kaga is less than Kag,
Kpag, or Ka. Accordingly, theory predicts ABA would
elute earlier than BAB, AB, or A.

While many experimental results are in agreement
with the theoretical predictions,!®1! a few studies are
not in complete agreement. Chang and co-workers have
prepared a series of polystyrene-b-polyisoprene diblock
copolymers with well-controlled molecular weight dis-
tributions of the blocks (determined through NMR) and
compared the elution time of the block copolymers with
that of the homopolymer precursor when the other block
is set at the critical condition.!8 The elution times of the
diblock were found to be longer than that of its ho-
mopolymer precursor and the elution time increased
with an increase of the invisible block length. As a
result, LCCC had underestimated the molecular weight
of the visible blocks, and these underestimations were
more significant when the visible blocks were relatively
shorter than the invisible blocks. In another study, they
prepared a set of polystyrene (PS)/polybutadiene (PB)
block copolymers with similar molecular weight distri-
butions and chemical composition distributions, but in
different architectures: PS-b6-PB (SB), PS-b-PB-b-PS
(SBS), and PB-b-PS-56-PB (BSB).1® When the PB block
is set at the critical condition, they found SBS eluted
significantly earlier than SB and BSB, which is in
partial agreement with the theoretical predictions. The
observed effects of the invisible blocks on the elution
behavior of the visible blocks in these studies, especially
in the cases of AB and BAB types of copolymers, were
not very well understood and were sometimes debated.!”

Several studies?-2! have used computer simulations
to investigate the critical condition employed in LCCC,
including our own earlier reports.??23 In the absence of
excluded volume interaction, the simulation yields the
same result as that predicted by the previous theories,
namely at the critical adsorption point, which is identi-
fied as the critical point, K = 1, and is independent of
the chain length of the polymer. However, the inclusion
of excluded volume interaction gives rise to some subtle
yet important differences. First, the definition of the
critical condition needs to be revised. We define the
critical condition as the point at which the partition
coefficient of the homopolymer is least dependent on its
chain length. This is necessary because for the self-
avoiding walk chains there is no point at which the
partition coefficient is completely independent of the
chain length. This definition of the critical condition is
similar to that employed in experiments. Following this
definition, we found that the critical condition in a slit
pore is at the critical adsorption point (¢, = —0.276; ¢y,
is the reduced monomer/wall interaction) and it does
not shift with the pore size.?223 The critical condition
in a square channel pore, however, shifts with the pore
size. In both types of pore, K > 1 at the critical condition.
Our definition of the critical condition is in contrast to
a more commonly used theoretical definition of the
critical condition, the point at which K = 1. It is of
interest to examine if the discrepancy between experi-
mental results and the theoretical predictions could be
attributed to the same excluded volume interaction
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ignored in the theory and to assess the extent to which
the corrections from the excluded volume interactions
should be included.

Simulation Method

All Monte Carlo simulations were conducted in a
simple cubic lattice. Polymer chains were modeled as
self-avoiding walks on the lattice. The partition coef-
ficients, K, were determined from the chemical potential
difference of a polymer chain in a confined solution and
in a bulk solution, —In K = B(tcont — tbulk), Where teont
and upuk represent the excess chemical potential of the
chain in the confined solution and in the bulk solution
with respect to the same reference state, respec-
tively.22:23 This method is only valid in the limit of dilute
solution. Therefore, the excess chemical potentials ucons
and upux were obtained for a single chain in a relatively
large simulation box. The chemical potential was de-
termined using a biased chain insertion method.2*

The confined solution in most cases was represented
by a slit pore, which is a cubic lattice with dimensions
of 100 x 100 x (D + 1) along the x, y, and z directions.
There are two solid walls separated by a distance of D
in the z direction. No polymer beads may occupy the
sites on the walls. Periodic boundary conditions are
applied in the x and y directions. The bulk solution was
represented by a cubic lattice with dimensions of 100
x 100 x 100, with periodic boundary conditions applied
in all three directions. Only the interactions of polymer
beads with the pore walls were considered; hence
polymer chains are considered to be in a good athermal
solvent.

Several polymers were studied including homopoly-
mer (Ay), AB diblock copolymers (AxyBjys), BAB triblock
copolymers (By/AxBy), and ABA triblock copolymers
(An2ByAN2), where the subscripts denote the length of
the blocks. Typically N and M range from 25 to 200.
The radius of gyration R, of a homopolymer Ay then
ranges from 2.6 to 10.0 in the lattice unit. A slit pore
with D = 19 would have a ratio D/(2R;) around 1—4 for
the largest to the smallest chain being studied, a value
typically encountered in experiments. In this study, “A”
represents the visible block(s), which is (are) set in the
size-exclusion mode, meaning the A monomer does not
have any interactions with the wall (¢, = 0) except for
the hard core repulsion. “B” represents the invisible
block(s), where the interaction of the B monomers with
the surfaces ey is set at the predetermined critical
condition.

The location of the critical condition was investigated
in two previous papers.?>23 We defined the critical
condition as the point at which the partition coefficient
of a homopolymer (B) would have the least dependence
on the chain length, in the same spirit as that done in
experimental studies. We located the critical condition
by plotting the deviations in the partition coefficients
of a set of homopolymer chains with different lengths
as a function of the surface/wall interaction. The mini-
mum in the plot would correspond to the “critical
condition” at which the partition coefficient of the
homopolymers would have the least dependence on the
chain length at that surface/wall interaction. For a slit
pore,?2 the critical condition was found to be the same
as the critical adsorption point, €, = —0.276, which
was independently determined by studying the adsorp-
tion transition of an end-anchored polymer chain on a
flat wall. For a square channel pore, the critical condi-
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Figure 1. Plots of chain length N versus partition coefficient
K in a slit pore of width D = 19 for homopolymer Ay, diblock
copolymer AyBss, and diblock copolymer AyBigo, where the A
block is in exclusion mode (e.w = 0) and the B block is at the
critical condition (epw = —0.276). The inset shows the differ-
ences between the data sets at the lower part of the graph.

Table 1. Computational LCCC Characterizations of the A
Block Length in a Diblock AB When the B Block Is Set at
the Critical Condition in a Slit of Width D = 19

LCCC measured length of A block (error®)

actual length length of length of
of A block B block = 25 B block = 100
25 21.2 (15%) 17.3 (31%)
30 26.0 (13%) 22.6 (25%)
50 46.3 (7%) 43.0 (14%)
100 96.0 (4%) 94.0 (6%)

@ Error = 100[(Nactual — Nealculated/Nactuall -

tion is shifted from the critical adsorption point and its
exact location depends on the pore size.??

Results and Discussion

A. Comparison of Retention Behaviors for AyBy,
with Ay. Figure 1 compares the partition coefficients
of a homopolymer Ay with that of a diblock copolymer
AnByy, with M = 25 and 100 in a slit pore of width D =
19 with the B block set at the critical condition. For any
given N, the partition coefficient of the diblock copoly-
mer AyByy is greater than that of the homopolymer Ay.
The difference between the two is larger when N is
smaller and when the B block length is longer (the inset
shows the difference between the data sets at the lower
portion of the graph). If we assume that the quasi-
equilibrium condition is held here, then the partition
coefficient is directly proportional to the retention
volume. A larger K implies a larger retention volume
or a longer retention time. Then our data are in good
agreement with the experimental results by Lee et al.18
In their study, polystyrene/polyisoprene diblock copoly-
mers (PS-b-PI) were employed in an LCCC analysis with
a range of pore diameters from 100 to 1000 A. They
found that, by setting either the PS or PI blocks at the
critical condition, the retention time of the PS-b-PI
increased as the length of the invisible block increased
at a constant length of visible block.

Table 1 displays errors in the estimated length of the
visible block from a computational LCCC experiment.
Here, the computationally determined dependence of K
on N for a homopolymer was used as a calibration curve,
and the visible block length of A in the AB diblock was
estimated from the computationally determined Kup
value against the calibration curve. Thus the estimated
A block length in an AB diblock copolymer differs from
the actual length, by 4% at N = 100 to 15% at N = 25
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when the B block length is 25, and 6% at N = 100 to
31% at N = 25 when the B block length is 100. Clearly,
the longer the invisible block, the larger the error is.
Also the shorter the visible block, the larger the percent
error is. The same trend of dependence of percent errors
in the estimated molecular weight of the visible block
using LCCC was reported by Lee et al.18 For example,
at a constant length of the visible block PI (molecular
weight ~12.5 kg/mol), the percent error increased from
4% to 16% when the molecular weight of the invisible
block PS increased from 3.3 to 38.1 kg/mol. On the other
hand, when the invisible block length was kept constant
and the visible block length was varied, they found that
the percent error in the estimated molecular weight of
the visible block decreased from 33% to 2% when the
molecular weight of the visible block increased from 3.0
to 34 kg/mol.

As stated earlier, previous theories based on the
Gaussian chain model or the random walk chain would
predict the retention behavior of a diblock AxBjs to be
the same as that of a homopolymer Ay and therefore
LCCC characterization of the diblock copolymer should
be accurate. The simulation reported here treats the
chain as a self-avoiding walk chain that takes into
account the excluded volume interaction. The inclusion
of the excluded volume interaction in the simulation
gives rise to the same phenomena seen in experiments.
Hence we may conclude that these observed influences
of the invisible block on the elution behaviors of the
visible block are due to the excluded volume interaction
ignored in previous theories.

A simple explanation of the observed effect can be
given here. Let Au®B = uAB ¢ — 1By and Au® = ulcons
— tPpulk stand for the chemical potential differences of
a diblock copolymer AB and a homopolymer A between
the confined state and the bulk solution, respectively.
The partition coefficients are given by Ka = exp(—Au?/
RT) for the homopolymer and Kap = exp(—Au”B/RT) for
the diblock AB. To a first degree of approximation, one
may assume that the confinement free energy of the
diblock is the sum of the costs of confining each
individual block:

AuB ~ Au + AuB (1)

Then Kag = KaKg. When the B block is set at the critical
condition, if AuB = 0, then Kg = 1; therefore Kap = Ka.
Theories based on the Gaussian chain or the random
walk chain would predict this. However, simulations of
chains with the excluded volume interaction??23 have
shown that, at the critical condition most likely em-
ployed in the LCCC experiment, Auf = 0, but Au® < 0,
and hence Kg > 1. Therefore when the B block is set at
the critical condition, Kaxp > Ka, a result exactly
observed here. Also from the earlier study, the longer
the B block, the larger the Kp at the critical condition
in a slit pore of D = 19 (note in a smaller pore, Kp could
decrease with the chain length but remains greater than
1), hence the larger the difference between Kag and Ka.
On the other hand, when the visible block length
increases, Au® would increase. As a result, the effect of
nonzero AuP on the overall value of Au*B would be
relatively small since Au”B will be dominated by the
term Au®. Hence the influence of the invisible block on
the elution behavior of a diblock with a longer visible
block is relatively weak.

Table 2 illustrates how the slit width affects the
characterization accuracy. With a decreased slit width,
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Table 2. Computational LCCC Characterizations of the A
Block Length in a Diblock AB at Different Slit Widths
When the B Block Is Set at the Critical Condition
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Table 3. Computational LCCC Characterizations of the A
Block in a Triblock ABA and BAB When the B Block Is
Set at the Critical Condition in a Slit of Width D = 19

LCCC measured length of A block (error®)

slit actual length length of length of
width D of A block B block = 25 B block = 100
9 25 24.2 (3%) 23.2 (7%)
19 25 21.2 (15%) 17.3 (31%)
29 25 20.8 (17%) 17.3 (31%)
9 50 48.7 (4%) 47.8 (4%)
19 50 46.3 (7%) 43.0 (14%)
29 50 46.8 (6%) 43.8 (13%)
@ Error = 100[(Wactual — NealculatedNactuall.
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Figure 2. Plots of chain length N versus partition coefficient
K in a slit pore of width D = 19 for homopolymer Ay, diblock
copolymer AxBio, triblock copolymer AnsBiooAnsz, and triblock
copolymer BsoAnBso, at the same conditions as in Figure 1.

the visible block is more excluded from the pore; hence
the elution behavior of the diblock is again dominated
by the exclusion of the visible block from the slit, similar
to the case when the length of the visible block increases
at a constant slit width. This leads to a reduced error
in the estimated length of the visible block in LCCC.
Decreasing the slit width from D = 19 to D = 9 resulted
in a decrease in the error of the estimated A block length
from 17% to 3% for a chain with an actual A length of
25 and B invisible block length of 25. The errors seem
to level off when the slit width increases from D = 19
to D = 29. Lee et al.!8 have used relatively larger pores
compared with those of other experimental studies.!!
This could probably explain why Lee et al. observed
these influences of the invisible blocks whereas others
did not observe the same effect.

B. Retention Behaviors for Triblock Copolymers
AnieBuAne and ByeAnBaye. Figure 2 compares the
partition coefficients for a homopolymer of Ay, a diblock
copolymer AnBigo, a triblock B5pAnBso, and a triblock
AnpB1ooAne when N is varied from 15 to 200 in a slit
pore of width D = 19. Note that these copolymers
(excluding the homopolymer) are of the same total
length and of the same chemical composition, just like
the copolymers analyzed in Park et al.’s study.!® The
curve for the triblock copolymer of An;eBiooAnse lies
below that of the homopolymer Ay, while the curves for
the diblock copolymer AxyBigo and the triblock BsoAxBso
lie almost on top of each other and they are above the
curve for the homopolymer Ay. This indicates that ABA
would elute earlier than the diblock AB and BAB, while
AB and BAB would elute at almost the same time. This
again is in perfect agreement with Park et al.’s observa-
tions. Table 3 shows our computational LCCC charac-
terization of the length of A block in the triblocks ABA

actual total length LCCC measured total length of A block (error®)

of A block AneBasAnze AnieBsoAnze AneB1ooAnrz
30.0 33.7 (—12%) 33.2 (—11%) 32.3 (—8%)

50.0 55.3 (—11%) 55.3 (—11%) 54.8 (—10%)
100.0 104.6 (=5%) 104.4 (—4%) 104.6 (—5%)
actual length of the LCCC measured length of A block (error®)
A block (V) BasAnBas BsoAnBso B10oAnB10o
15.0 6.9 (54%) 3.8 (75%) 3.7 (75%)

25.0 17.5 (30%) 15.3 (39%) 16.9 (32%)

50.0 42.3 (15%) 40.5 (19%) 45.2 (10%)

100.0 92.2 (8%) 91.2 (9%) 96.2 (4%)

@ Error = 100[(Wactual — Nealculated/Nactuall -

and BAB in a slit of width D = 19. The length of the A
block is underestimated in BAB and is overestimated
in ABA. The observed errors are comparable with the
reported values of Park et al.1? except for the cases when
N = 15, where the error reached 75%.

The differences in the partition coefficients disap-
peared when the visible block length increased to N =
200, as is evident in Figure 2. With a long visible block,
the copolymer is in the strong exclusion mode and the
partition coefficient will be dominated by the exclusion
of the visible block from the pore. The invisible blocks
would exert little effect. The differences in the partition
coefficients of these copolymers are pronounced only
when the visible block is relatively small compared to
the pore size.

These results suggest that the observed effect of
invisible blocks on the elution behavior of ABA and BAB
at the critical condition in Park et al.’s study could be
attributed to the thermodynamic origin. If we apply the
same approximation to BAB as in the previous section,
namely, AuPAB = AuB + Au® + AuB (i.e., the confinement
free energy of the copolymers is the sum of each
individual block), then we would have Kgag = KgKaKp.
Knowing that when B is at the critical condition, Kg >
1, then we would have Kpap ~ Kap > Kj, agreeing with
what was observed here. However, when applied to
ABA, it would lead to the prediction, Kaxpsa = Kpap >
K, completely inconsistent with the simulation results.
Apparently a different mechanism is in operation for
ABA triblock copolymers. The theoretical calculations
by Guttman et al.1® with the random walk chain model
have also shown that Kxpa < Ka. They have concluded
that the partition rule for ABA copolymer when B is
invisible does not reduce simply to that of homopolymer
and no general rules could be proposed for ABA, unlike
the results for BAB and AB copolymers. Recently
Gorbunov and Vakhrushev!? examined the partitioning
of multiblock copolymers and star-shaped copolymers
(AB),, with the Gaussian chain model. They have also
found that, when the visible blocks are separated by the
invisible blocks, the partition coefficient of the multi-
block copolymers depends on the invisible block. Our
simulation results for ABA therefore reflect the same
topological effect observed in these theoretical calcula-
tions. It seems that Auconr for the block copolymers can
be expressed as a sum of the contributions from indi-
vidual blocks when the invisible block is divided into
different segments, but not when the visible block is
divided into different segments.

Some insights can be gained from the density profiles
of these polymers in the slit. Figure 3a shows the
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Figure 3. Density distributions of A block in three block
copolymers AB, ABA, and BAB along the direction perpen-
%iculgr to the walls in a slit pore of width (a) D = 19 and (b)
density distribution of the A block(s) in the three types
of copolymers, A25B10()A25, B5()A5()B5(), and A50B100, along
the direction normal to the walls in a slit pore of width
D = 19. In general, a nonadsorptive chain when confined
between two walls tends to avoid the walls, leading to
an accumulation of density distributions in the middle
of the slit, as shown in Figure 3a. Interestingly, no
significant differences are observed between the density
distributions of the A blocks in AB and BAB copolymers,
but the density distribution of the A blocks in ABA is
much flatter than the other two and has fewer ac-
cumulations in the middle of the slit. The A blocks in
ABA copolymer are found near the wall more than the
other two types, as if the A blocks in ABA are unable to
avoid the walls. The invisible B block, being in the
middle of ABA, effectively pushes the two A blocks
toward the walls. We may therefore envision that the
visible A blocks in ABA copolymers feel a stronger
confinement imposed by the walls and hence have a
higher free energy of confinement which results in a
smaller Kapa. This explanation is further supported by
data in a smaller pore. Figure 3b shows the density
distributions of the visible A blocks of the three types
of block copolymers in a slit of width D = 9. Now there
is no difference in the density distributions. Interest-
ingly, the partition coefficients of these copolymers in
D = 9 did not show any difference, either, as presented
in Figure 4. Therefore, the difference in partition
coefficient is linked directly to the difference in density
distributions of the visible blocks in the slit. When the
density distributions of the visible blocks in the slit are
the same, then the partition coefficients are likely the
same. We give an illustrative drawing in Figure 5 to
show how the visible blocks in ABA copolymers may
distribute in a wide slit versus in a narrow slit. In a
narrow slit, each invisible block is confined by the slit
(i.e., the confinement blob is smaller than the visible
block). Hence the density profile of the visible block in
ABA will exhibit a pattern similar to that of the visible
block alone. In a wide slit, the confinement scale is
larger than the individual blocks and as a result the

Macromolecules, Vol. 38, No. 17, 2005

200&
—O— ANBs50
&  AN/2B50AN/2
150 L v B25ANB2s
Z 100
50 |-
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8

Figure 4. Plots of chain length N versus partition coefficient
K in a slit pore of width D = 9 for diblock copolymer AyxBso,
triblock copolymer AysBsoAnse, and triblock copolymer BaosAyBos.
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(a) (b)
Figure 5. Schematic illustration of triblock copolymer chain
ABA confined in (a) a wide pore and (b) a narrow pore. The

solid line represents the A block chain, and the dotted line
represents the B block chain.

density profile is determined by both the visible and
invisible blocks. Thus the invisible block could have an
influence on the partition coefficients of the copolymers.

For the diblock AB copolymer, we have observed that
an increase in the invisible block length generally leads
to a larger difference between Kap and Kx. However,
for the triblocks ABA and BAB, we could not observe a
general rule when the length of the invisible block
increased. Data in Table 3 show almost no or little effect
on the observed errors when the invisible block length
was increased. We believe part of the reason is due to
the lack of adequate accuracy in the determined K
values for these triblocks. When the total chain length
increases, the errors associated with the determined
values for pconr and upuk also increase and this leads to
a larger uncertainty in the determined K value. This
inhibits us from an accurate assessment of the effect of
increase in the invisible block length on the elution
behavior of the triblocks.

C. Simulation Results in a Square Channel. The
above reported simulation results were obtained in a
slit pore. We have shown earlier that the critical
condition in a slit pore is the same as the critical
adsorption point, but in a square channel, it shifts with
the channel width.23 Hence it is of interest to examine
if the above observed elution behavior of copolymers
would depend on the pore geometry. For that purpose
we have examined the partition of these copolymers in
a square channel of width D = 19. The critical condition

in a square channel of D = 19 was at €, = —0.284 as
determined earlier.23 When the B block was set at this
critical condition, e,y = —0.284, we found the same

elution pattern; the line for ABA lies below that of A
homopolymer, and that for BAB lies above that of A
homopolymer (data not shown). The pattern does not
change when the invisible block length changes. How-
ever, if we set epy = —0.276 instead (off the critical
condition), the elution pattern changes when the length
of the invisible block changes. When the invisible block
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Figure 6. Plots of chain length N versus partition coefficient
K in a square channel pore of width D = 19. The A block is in
the exclusion mode (€, = 0), and the B block (ep,y = —0.276)
is off the critical condition point (see the text for discussion).
(a) Homopolymer Ay, triblock copolymer AnpBasAne, and
triblock copolymer BgsAnBss; (b) homopolymer Ay, triblock
copolymer AN/2B100AN/2, and triblock copolymer BlOOANB100~

B is short (i.e., B block length is 25), then the line for
BAB lies above that of the homopolymer A, and the line
of ABA lies below that of A, the same pattern as before
(data are shown in Figure 6a). When B is longer (i.e., B
block length is 100), the line of BAB lies below that of
A homopolymer and the line of ABA lies further below
that of the homopolymer, as shown in Figure 6b. This
behavior can be understood when one realizes that, at
epw = —0.276, the B block is not in the critical condition
in a square channel of width D = 19. The B block could
be in the exclusion mode when its length is long. Hence,
with a longer B block, the line for BAB could lie below
that of A because B is also in the exclusion mode and
ABA would lie even further below. These results further
confirm that our definition of the critical condition is
more appropriate. Simply equating the critical adsorp-
tion point as the critical condition is not appropriate.
The elution patterns of these copolymers observed in
the simulations would remain the same as long as one
finds the right critical condition. However, with a
slightly shifted condition, one may observe an altered
pattern.

Conclusions

This study examined the effect of invisible blocks on
the elution behavior of copolymers in LCCC through
computer simulations of self-avoiding walk chains. The
simulation results are in excellent agreement with
reported experimental results. The invisible block(s) of
copolymers affect the elution of the visible blocks. The
extent of this affect is unique for each architectural type.
For a diblock copolymer AB, the presence of the invisible
B block would increase the elution time of the visible
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block A. Similarly, the presence of the invisible B blocks
increases the elution time of BAB triblock. However, for
an ABA triblock, the presence of the invisible B block
lowers the elution time of the visible blocks if the visible
blocks are treated as connected without the presence
of the B block. These observed influences could be
attributed to two different origins. For AB and BAB
types where the visible block A remains as a single
block, we can attribute the difference of Kxg and Kgap
from K, to the origin that Kg > 1 when the B block is
at the critical condition for a self-avoiding walk chain.
However, for a random walk chain, Ky = 1 when B is
at the critical condition; hence theories based on the
random walk chain fail to predict any difference be-
tween Kag and Kgag from Ka. When the visible block is
separated into two blocks such as in ABA, then both
the self-avoiding walk chain model (used in the simula-
tion) and the random walk chain model (used in the
theory) predict Kapa < Ka. The origin of the latter
relationship is in the chain connectivity which both
simulations and theories have accounted for. These
observed effects, however, tend to disappear when the
visible block length is longer or the size of the pore is
smaller; then the elution will be dominated by the
exclusion of the visible block from the pore and the
invisible blocks would exert little influence.

The agreement between the simulation results and
experiments is also remarkable. Not only are the
qualitative trends in complete agreement, but also the
quantitative values are comparable. As a result, several
things can be said. First, the elution of polymers in these
chromatographic studies is largely controlled by the
equilibrium partitioning; transport seems to have little
effect on the separations. Second, theory based on the
Gaussian chain model captures most features of the
elution pattern in these interactive chromatographic
separations, although inclusion of the excluded volume
interaction in the chain can bring the predictions from
the simulation (or the theory) to a better agreement with
the experimental results. This study also confirms that
effects observed in experiments by Chang’s group are
genuine and can be traced to be of thermodynamic
origin.’®19 They are likely to be observed in the wide
pore with relatively small visible blocks, and the effect
may disappear in small pores with large visible blocks.
Hence, experimental studies with different conditions
may result in different conclusions about the accuracy
of the LCCC.
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