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ABSTRACT: The effect of molecular topology on the properties of isolated polymer chains trapped in a
repulsive slit was investigated using off-lattice Monte Carlo simulations. Three different chain
architectures were studied: star-branched, dendritic, and hyperbranched chains. The linear dimensions
of the polymer coil, the density profiles across the slit, and the confinement force F were obtained from
the simulations and compared with those of linear chains. It is found that scaling theory for linear chains
describes well all the properties examined of star molecules and the scaling of the linear dimensions of
dendrimers and hyperbranched polymers. The relative partition coefficient at the dilution limit was
estimated from the data of F vs slit separation D. It is shown that for very narrow D branched polymers
tend to be depleted in the pore relative to linear chains with the same molecular weight; this trend is
reversed, however, at large D.

1. Introduction

The conformational and thermodynamic properties of
polymer chains are strongly affected by geometric
confinement.1,2 This phenomenon is relevant to numer-
ous applications of polymers such as in chromatographic
separations, colloidal stabilization, thin-film processing,
and the preparation of clay-based nanocomposites.3
Applications are being developed that exploit the ther-
modynamically driven partitioning of confined polymers.
For example, the high osmotic pressure chromatography
is intended for large-scale fractionation of polydisperse
polymer solutions.4 Entropically driven surface segrega-
tion of certain components in a confined polymer solu-
tion or melt could also be used to functionalize the
surface of thin films.5 From a fundamental standpoint,
investigation of the properties of spatially confined
polymers are also of great interest; e.g., a porous
medium can be used as a probe to gauge the dimension
of a polymer chain at different conditions,6 and the study
of wall-induced conformational changes in polymers
may help us elucidate the activity of biopolymers near
cell surfaces.7

While rigorous formulations exist for the configura-
tional properties and partitioning of a Gaussian chain
in pores,8 a rigorous analytical theory has not been
worked out for excluded-volume (EV) chains (a model
adequate to describe good solvent conditions), and only
approximate theories are available, e.g., mean field
theory9 and scaling theory.10 Scaling theory has had the
most general applicability so far, although it is valid
for limiting conditions and can only give semiquantita-
tive predictions.

Monte Carlo simulations have been used to simulate
EV chains in pores. Simulations of a single athermal
chain confined between flat, hard walls11-13 have re-
vealed that the chain dimensions (e.g., the end-to-end
distance and the root-mean-square radius of gyration
Rg ) 〈Rg

2〉1/2) exhibit several regimes depending on the
slit width D. The unconfined coil size is slightly reduced
for large D. When the coil diameter is commensurate
with D, i.e., D ≈ 2Rg, the chain size is squeezed,
reaching a minimum. For D , Rg the chain is severely

flattened to a pancake shape. The scaling of chain linear
dimensions with D/Rg is found to be in good agreement
with the scaling predictions in the narrow slit limit (i.e.,
D , Rg). The density profiles of the chain monomers
across the slit and the confinement force have also been
calculated and compared to theory. The effect of con-
centration on the size and partitioning of chains into a
pore has been studied by on-lattice Monte Carlo simula-
tions.6 A weak-to-strong penetration transition is ob-
served as the bulk concentration increases.10,14 Off-
lattice simulations have provided detailed information
on the chain structure and density profiles near a
surface for dense systems.15-17 It was shown that chains
are depleted near the walls at low densities but are
enhanced at high densities and that chain ends and
shorter chains tend to segregate near the wall (to gain
conformational entropy).

Most of the theoretical and simulation work on
confined polymers so far has been concerned with linear
chains; studies on polymers with more complicated
topology, such as rings, stars, dendrimers, and hyper-
branched polymers (HBP), are very limited. It is well-
known that polymers with complex internal architecture
have quite different static and dynamic properties. The
question then arises as to how the internal architecture
affects the properties of confined polymer chains. Just
as in the case of linear polymers, rigorous theoretical
solutions are available for an ideal self-crossing cyclic
chain confined in slitlike pores,18 and scaling results are
available for a cyclic EV chain.19 These theories predict
substantial differences in the partition coefficients of
linear and cyclic macromolecules under weak adsorption
conditions, opening up the possibility for the develop-
ment of a new method for separating cyclic and linear
polymers.20 An on-lattice simulation study was carried
out for the adsorption of polymer chains with different
molecular architectures, including linear, star, and
cyclic chains, on a solid surface.21 For weakly adsorbed
chains it was shown that ring polymers are adsorbed
always ca. 50% more than linear and star-branched
ones, while the properties of adsorbed linear and star
polymers are very similar. To the best of our knowledge,
no simulation has been reported on the properties of
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topologically complex polymers confined in repulsive slit
pores.

In this work, the properties of confined polymers with
various topologies are investigated using Monte Carlo
simulation. Model polymers employed include stars,
dendrimers, and HBPs. Stars and dendrimers are
among the most important regularly branched mol-
ecules. The topology of randomly branched HBPs,
however, can vary significantly depending on the syn-
thesis conditions. In this study, model HBPs are pro-
duced using a kinetic Monte Carlo scheme that has been
implemented to simulate the formation of Pd-R-di-
imine-catalyzed polyethylene.22 It has been shown
experimentally that Pd-catalyzed polyethylene has a
unique branch-on-branch topology that can be controlled
by ethylene pressure.23-26 The topology varies from
predominantly linear polyethylene with many short
branches at high pressures to a compact, densely
branched HBP at low pressure. Our Monte Carlo
scheme generates various branching topologies by mim-
icking the probabilistic nature of the chain-walking
mechanism that has been proposed to explain this
polymerization process. Such a system is an ideal
candidate for fundamental computational studies aimed
at elucidating the correlation between polymer topology
and confined properties because it involves the simplest
possible polymer type (polyethylene) and its branching
topology can be readily controlled.

Geometric confinement is realized in this work by
placing polymers inside a slit with hard walls separated
by a distance D. We limit ourselves to the case of an
isolated polymer chain with hard-sphere interaction
sites, which corresponds to a dilute polymer solution in
good solvent. Since no adsorption force is present in our
system, the properties of polymers are solely determined
by the interplay of two factors: (i) the entropy losses
due to the slit walls restricting the set of possible
conformations and (ii) the tendency of the chain to
compensate such losses by preferentially adopting con-
formations that satisfy confinement and topological
constraints. In our simulations, the linear dimension of
polymers (e.g., the components of Rg), the density profile
across the slit, and the mean repulsive force (F) were
collected and analyzed within the context of scaling
theory. It is found that the scaling behavior of star
molecules is essentially identical to that of linear chains
(for the number of arms f and chain lengths studied).
For dendrimers and HBPs, the scaling of the linear
dimensions is well described by the scaling theory of
linear chains, but the density profiles and F deviate
from the scaling predictions and the degree of deviation
seems to depend on the monomer density inside the
polymer coil. The relative partition coefficient K* esti-
mated from the F vs D data indicates that, for very short
D, branched polymers tend to be depleted in the pore
relative to linear chains of the same molecular weight.
Such a trend is reversed at large D, where branched
polymers tend to be concentrated in the pore. Likewise,
differences in topology are shown to affect the relative
partitioning of different branched polymers.

The rest of this paper is organized as follows. In
section 2, we summarize relevant results from scaling
theory for confined polymers. In section 3, we present
the details of the Monte Carlo simulations. In section
4, we present the results of chain linear dimensions,
density profiles, confinement forces, and partition coef-
ficients for various polymer topologies. Finally, in sec-

tion 5, we summarize the major results of this paper
and provide a few concluding remarks.

2. Scaling Predictions
We consider a slit consisting of two parallel impene-

trable walls a distance D apart. The coordinate system
is set up such that the bottom wall is the xy-plane
containing the origin. The z-axis is perpendicular to the
walls and the top wall is thus at z ) D (see Figure 1a).

For an isolated linear chain confined in the slit, the
component of the mean-square gyration radius parallel
to the walls scales as11,14

where Rgb
2 is the mean-square radius of gyration in the

bulk; R̃| is a universal scaling function. In the limit of
narrow slits (D/Rgb , 1),

where c| is another universal constant and ê ) 2(ν2 -
ν3)/ν3, where ν2 and ν3 are the values of the scaling
exponent ν (as in Rg ∼ Nν, where N is the number of
monomers in the polymer chain) in two- and three-
dimensional space, respectively. For a linear chain in
good solvent, ν2 ) 3/4 and ν3 ≈ 0.59.10

For a star molecule with f arms and Nb beads per arm,
each arm can be seen as a series of spherical blobs.27

For a star molecule in a good solvent

On the basis of the same “blob” picture, it can be shown
that in a two-dimensional space

The values of ν2 and ν3 in eqs 3 and 4 are the same as
those of linear chains. If the star molecule is confined
in a slit, we can include f in the scaling relation by
assuming that

As D approaches the narrow-slit limit, the crossover to
two-dimensional behavior must occur, at which point
R̃| can be described by eq 2 and

m is exactly zero if a value of 3/5 is used for ν3 and
remains negligible even if the more accurate value of
ν3 ) 0.59 is used. Therefore, aside from the effect of f
on the magnitude of Rgb, the scaling behavior of Rg|

2

for star chains is predicted to be independent of f. This
result also implies that in the narrow-slit limit the
linear dimensions of a confined star molecule obey the
same scaling relations as those of a linear chain.

The scaling function R̃| for a dendrimer has the same
form as that for a linear chain but with a different
exponent ê. Such a result follows by considering the
dependence of R̃| on N while setting aside the depend-
ence of Rgb on the separator length Ns (i.e., the number
of bonds between branched points). It is unclear, how-
ever, what values for ν3 and ν2 should be used to

Rg|
2 ) 2

3
Rgb

2R̃|(D/Rgb) (1)

R̃| ) c|(D/Rgb)
-ê (2)

Rgb ∼ Nb
ν3 f (1-ν3)/2 (3)

Rgb ∼ Nb
ν2 f (1-ν2) (4)

Rg|
2 ) 2

3
Rgb

2 R̃|(D/Rgb)f
m (5)

m ) (2ν3 - ν3ν2 - ν2)/ν3 (6)
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evaluate ê. For example, for a dendrimer in a good
solvent, a value of 1/5 was obtained for ν3 (i.e., Rgb ∼
N1/5) based on a theoretical calculation,28 while a value
close to 1/3 was reported in a molecular simulation
study.29 No reference value for ν2 is available for
dendrimers.

For a single linear chain, the monomer density profile
[F(z)] across the slit in the region near each wall (i.e.,
z/Rgb , 1) is predicted to scale as10

In the narrow-slit limit, the confinement force F,
which is defined as the derivative of the logarithm of
the chain partition function with respect to the position
of the wall in the z direction, is predicted to scale as30

where kB is Boltzmann’s constant and T is the temper-
ature. To the best of our knowledge, no scaling theory
is available concerning F(z) or F for topologically complex
polymers under confinement.

3. Methodology
Model Systems. Polymers are modeled as strings of

hard beads of uniform diameter σ (continuum space).
This “athermal” molecular model is intended to describe
a polymer molecule in a good “implicit” solvent; i.e., the

preference of polymer sites to be surrounded by solvent
rather than by other polymer sites gives rise to an
effective repulsive interaction among polymer-sites. The
bond length bl is allowed to fluctuate within the range
[0.85σ-1.15σ], and no overlap is allowed between non-
bonded spheres; this model can be seen as the continuum-
space counterpart of the on-lattice bond fluctuation
model commonly used in simulation work.31 No long-
range interactions or bond angle constraints are incor-
porated; in such a flexible coarse-grained model, each
hard sphere represents several actual “mers” in a
polymer. The simulation box is bounded by two hard
walls perpendicular to the z direction. The walls are
impenetrable to the centers of the sites; for a wall
separation D (in units of σ), the sites can move across a
distance D - 1 in the z direction.

Three different model molecules were employed in
this study, namely stars, dendrimers, and HBPs. The
star polymers employed have different structures, with
f ) 3, 6, and 10, respectively, and Nb ranging from 30
to 252. The dendrimers under study have a central core
that branches off into three arms. Each arm branches
into two additional branches. The generation number
ranges from 3 to 7, and Ns has two different values, 4
and 12. HBPs are generated by a stochastic Monte Carlo
model which mimics the formation of polyethylene
molecules via the chain-walking mechanism.22 The
HBPs used in this work are such that ν3 ) 0.54 (a value
close to that reported experimentally:26 ν3 ∼ 0.5). The
size of these model molecules ranged from N ) 181 to

Figure 1. (a) Schematic representation of the model system. A star molecule with six arms is shown within the slit. (b) Sample
snapshots of model polymers studied: star, dendrimer, and HBP; only the backbones are shown for clarity.

F(z) ∼ z1/ν3 (7)

F/kBT ∼ 1
D

(D/Rgb)
-1/ν3 (8)

8804 Chen and Escobedo Macromolecules, Vol. 34, No. 25, 2001



3061, and at least two different realizations for each N
were simulated to obtain more representative statistics.

Conformational Properties. Hopping moves and
pivot rotation were used to relax the chain conforma-
tion;22 translational moves along the z direction were
also implemented. After a preequilibration period, at
least 2 × 107 production cycles were performed per state
point; one MC move per site is attempted in each cycle.
The production period was divided into 10 blocks for the
purpose of statistical analysis. Error bars were typically
smaller than the data marker and are not shown in the
figures. Rg

2 and its component in the x, y (Rg|
2) direc-

tions were collected in the production period. The
monomer density profile, F(z), was obtained by dividing
the region between the walls into 100 equal-sized bins
and collecting the number of sites in each bin over the
whole length of the production period. F(z) represents
average number of sites per bin normalized in such a
way that

Confinement Force. The force exerted by the poly-
mer chain on the walls is estimated from the change in
the Helmholtz potential A when the wall separation is
decreased from D to D - dD,

This derivative is evaluated using the virtual-parameter-
variation method (VPV):32

∆U is the change of the configurational energy due to
the separation change ∆D and â ) 1/kBT. After every
MC cycle, a series of trial changes in slit separation ∆D
were performed, and the corresponding values of
exp(-â∆U) were calculated and recorded as a histogram
with equal-sized bins. At the end of the simulation, the
average values of exp(-â∆U) were plotted as a function
of ∆D and extrapolated to ∆D ) 0. The extrapolation is
done by linear regression of exp(-â∆U) on ∆D near ∆D
) 0. F can also be obtained from the relation between
pressure and hard-wall contact density33

Note that according to eq 9 F(0) has units of 1/(unit
length). Equation 12 can be derived directly from eq 10
as outlined in ref 34. F(0) can be estimated by extrapo-
lating F(z) near the wall to z ) 0. Our simulations show
that both methods generate essentially the same results
for F; only the results from the VPV method are
reported.

Pore-to-Bulk Partitioning Coefficient. From eq
10, it follows that the free energy change of moving
isothermally an isolated polymer chain from a free,
unconfined bulk environment to a slit with separation
D is

However, since we are interested in the relative change
of A with respect to a free, unconfined polymer coil, then
such a contribution (F 0) should be deducted from F. The

force of such an ideal system can be calculated from the
ideal gas law, i.e., âF 0 ) 1/D (as confirmed by test
simulations on a linear chain for D f ∞ where F f F 0).
Thus

To determine the partition coefficient in the dilute
solution limit, we consider the chemical potential of a
single polymer chain, which is a function of the concen-
tration c and pore separation D, i.e., µ ) µ(c,D):

where subscript p denotes slit pore and b denotes bulk.
µinter refers to the contribution from the intermolecular
interactions, which is negligible in the dilute solution
limit. µintra is the contribution from intramolecular
interactions for a given D, including polymer-wall
interactions. We can then write

Since at equilibrium µpore ) µbulk, then from eqs 15-17
we can obtain the partition coefficient K0:

For two polymers A and B with different topology but
having the same (dilute) bulk concentration cb, we can
write

Because µ of a linear chain in a slit pore can be readily
obtained using Widom’s test-particle insertion method,35

the above integration scheme was tested by comparing
K0 data obtained from µ data and from F data. The
chemical potentials of a 20-mer linear chain in the bulk
[âµintra(0,∞) ) 9.457] and in a slit with D ) 4 [âµintra(0,4)
) 6.785] were measured using the configurational-bias
particle-insertion method.35 From eqs 17 and 18 it
follows that ln K0 ) ln[(cp(D)4))/cb] ) âµintra(0,∞) -
âµintra(0,4) ) -2.67. From F vs D data (4 e D e 40) for
a 20-mer, integration of eq 18 leads to ln K0 ) -2.73.
These results differ in ∼2%, well within simulation data
error bars. As a further test, K* for two linear molecules
(A: 20-mer; B: 30-mer) at D ) 4 was also obtained; we
found ln K* ) 1.55 from the µ-approach and 1.52 from
the F-approach (eq 19); once again, the difference is
∼2%. The F-approach should be more practical than the
µ-approach for obtaining extensive K vs D data for large,
topologically complex molecules.

4. Results and Discussions
A. Chain Linear Dimensions. The scaling behavior

of Rg|
2 for star molecules confined in slits is shown in

Figure 2 as a log-log plot of 3/2Rg|
2/Rgb

2 vs D/Rgb. The

∆A ) - ∫∞

D
(F - F 0) dD' ) -∫∞

D(F - 1
âD′) dD′ (14)

µpore(cp,D) ) µintra(0,D) + 1
â

ln cp + µinter(cp,D) (15)

µbulk(cb,∞) ) µintra(0,∞) + 1
â

ln cb + µinter(cb,∞) (16)

µintra(0,D) ) µintra(0,∞) + ∆A )

µintra(0,∞) - ∫∞

D(F - 1
âD′) dD′ (17)

ln K 0 ) ln
cp

cb
) â∫∞

D(F - 1
âD′) dD′ (18)

ln K* ) ln
cp

A

cp
B

) â∫∞

D
(F A - F B) dD′ (19)

∫0

D
F(z) dz ) N (9)

F ) - ∂A
∂D|D (10)

F ) - ∂A
∂D|D ) - 1

â
lim

∆Df0

ln〈exp(-â∆U)〉
∆D

(11)

âF ) âP × (area of the wall) ) F(0) (12)

∆A ) -∫∞

D
F(D′) dD′ (13)
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length of the arm (Nb) ranged from 30 to 252, and three
different functionalities were studied, namely, f ) 3, 6,
and 10. It is observed in Figure 2 that all these curves,
regardless of the value of f, collapse well into one master
curve. When the slit separation is small (D/Rgb < 1 as
in the figure), the scaling behavior of R̃| follows a trend
consistent with the theoretical prediction stated in
section 2. The theoretical scaling exponent, ê ) 2(ν2 -
ν3)/ν3 ) 0.54, is the slope of the straight line appearing
in Figure 2. The scaling behavior of a linear chain with
N ) 757 is also plotted for comparison; as expected, it
is indistinguishable from that of the star molecules (note
that a linear chain of length N can be seen as a star
molecule with f ) 2 and Nb ) N/2).

The results for dendrimers are given in Figure 3. The
dendrimers studied have a uniform separator length
(Ns) of 4. The generation number (g) ranges from 3 to
7. The scaling of Rgb with N in the bulk was first
investigated, and a value of ν3 ) 0.32 was obtained,
which is consistent with reported molecular dynamics
results.31 If we assume that a dendrimer behaves as a
two-dimensional object when it is confined to the nar-
rowest slit (D ) 5), then the value of ν2 can be estimated
from the scaling of Rg| with N. From data of dendrimers
with g from 3 to 5, a value of ν2 ) 0.4 was obtained. It
then follows that ê in eq 2 is 0.5 for dendrimers; this
exponent is shown in Figure 3 as the slope of the dotted

straight line. These results show that scaling theory can
predict the behavior of Rg| for dendrimers in the narrow-
slit limit when appropriate values for ν2 and ν3 are used.

Figure 4 shows the scaling relation 3/2Rg|
2/Rgb

2 vs
D/Rgb for different molecular architectures. It is noted
that the values of ê for stars and linear chains (0.54)
are very close to that of dendrimers (0.5). Also shown
in Figure 4 is the scaling behavior of a HBP. Even
though HBPs and dendrimers have very different mo-
lecular architectures, the scaling behavior of their linear
dimensions is similar.

B. Density Profiles. The density profiles for a star
molecule with f ) 6, Nb ) 126 are shown in Figure 5.
F(z) is shown reduced by F[(D - 1)/2], the density at the
center of the slit. An extrapolation length λ is introduced
to replace z1/ν in eq 7 by (z + λ)1/ν to correct for the effect
of bead size;11 λ is set to be 0.5 (one-half σ). Since the
hard wall is impenetrable to the center of the sites, a
site located at z ) 0 should actually be σ/2 away from
the slit wall; this correction is unnecessary when λ , z
, Rgb. In Figure 5, the dotted straight line depicts the
predicted slope 1/ν3 for a linear chain. It can be seen
that in the region near the wall the linear-chain scaling
prediction (eq 7) satisfactorily describes the behavior of
the density profiles of star molecules.

The density profiles for a dendrimer with g ) 5, Ns )
4 is illustrated in Figure 6. If the same value 0.5 is used
for λ, F(z) vs (z + λ) does not follow the power law

Figure 2. Normalized parallel component of the mean-square
radius of gyration, 3/2Rg|

2/Rgb
2, vs the relative separation D/Rgb

for star molecules with different f and Nb. A linear chain is
also shown for comparison. Dotted straight line indicates the
slope of the scaling function for small D/Rgb, namely -2(ν2 -
ν3)/ν3.

Figure 3. Same as Figure 2 but for dendrimers with Ns ) 4
and varying generation numbers.

Figure 4. Scaling plot for linear dimension, 3/2Rg|
2/Rgb

2 vs
D/Rgb for isolated linear chains, stars, dendrimers, and HBPs.

Figure 5. Density profiles F(z), normalized by the density F[(D
- 1)/2] at the center of the slit, for a star molecule with f ) 6,
Nb ) 126. The extrapolation length adopted is λ ) 0.5. The
dotted straight line indicates the predicted slope 1/ν3 for a
linear chain.
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relation given by eq 7 (i.e., a linear portion at small z is
not seen in Figure 6a). To recover such a power law
relation, λ needs to be increased to about 1 (see Figure
6b). In that case, an exponent 2.4 is obtained from the
density profile at the largest slit separation D ) 65,
which is between the values of 1/ν3 for linear chains
(1.69) and dendrimers (3.1). This disparity in the
behavior of F(z) between dendrimers and linear chains
may be due to the topology-induced rigidity of the
dendrimer molecule studied. With such a short separa-
tor length (four), the monomers tend to become crowded
at the outer shell of the molecular coil. Because the site
density distribution inside a dendrimer affects F(z), more
rigid and topologically constrained molecules (with
respect to a linear chain) are expected to exhibit larger
departures from the linear-chain behavior for F(z). This
idea is validated in Figure 7 where the density profile
of a dendrimer with Ns ) 12 is plotted together with
those of a dendrimer with Ns ) 4 and a linear chain. A
larger separation length renders the Ns ) 12 dendrimer
more flexible, and thus its F-profile is closer to that of a
linear chain, especially at D ) 9. As for the difference
in λ between linear chains and dendrimers, it can be
argued that a more meaningful interpretation of λ is
that of being half of the persistence length (the “rigid”
segments in the molecule). For a flexible linear chain,
it is just half of the diameter of monomers. For the
topologically constrained dendrimer (with Ns ) 4), a
rigid segment would contain more than one monomer
and thus λ > 0.5. For the more flexible dendrimer with

Ns ) 12, satisfactory power law relations between F(z)
and (z + λ) are observed in the region near the wall just
using λ ) 0.5 (results not shown).

In narrow slits (e.g., D ) 9), the density in the vicinity
of the walls [including F(0)] for the dendrimer with Ns
) 4 is higher than that for the linear chain. This trend
is reversed, however, in wider slits (e.g., D ) 33). A
similar behavior is also observed for the dendrimer with
Ns ) 12, though the differences are less significant. An
insight into the deformation forces acting on a molecule
is provided by the distribution of chain ends inside a
slit. Figure 8 shows the density profiles of chain-ends
and of inner-segments for a dendrimer with g ) 5, Ns
) 4 at slit separations D ) 9 and 65, respectively. For
large D (e.g., D ) 65), the two density profiles are almost
identical. In a narrow slit (e.g., D ) 9), however, chain
ends tend to be concentrated near the walls relative to
inner segments. Similar graphs for linear, star, HBP
(results not shown) indicate that as D decreases, the
density at contact of chain ends always increase more
than that for inner segments, but the effect is the
mildest for linear chains and the strongest for dendrim-
ers. This behavior evidences that an entropic gain
ensues in having chain ends near the wall.

From the density profiles of HBPs with N ) 757,
1000, and 2000 we find that λ ∼ 0.7, which suggests
that the rigidity of the HBPs lies between those of linear
chains and dendrimers with Ns ) 4. This result is
consistent with the fact that ν3 for these HBPs (0.54)
lies between those for linear chains (0.59) and dendrim-
ers (0.32); the value of ν3 is in some sense a measure of
the degree of branching in polymers.22 An average

Figure 6. (a) Same as Figure 5 but for a dendrimer with g )
5, Ns ) 4. (b). Same as (a) but with λ ) 1.0. The dotted straight
line indicates the slope 1/ν3 where the value of ν3 for a
dendrimer (0.32) is used.

Figure 7. Density profiles F(z) vs z for dendrimers with
different Ns in a slit with separation (a) D ) 9σ and (b) D )
33σ.
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exponent of ca. 1.9 is obtained from F(z)of HBPs in a
wider slit (e.g., with D ) 17 and 33), which is quite close
to 1/ν3 if the value of ν3 for these HBPs is used.

C. Confinement Force. The scaling of the confine-
ment force (F) for star molecules is presented in Figure
9 as DF vs D/Rgb in a log-log plot. The results for a
linear chain and the scaling prediction (eq 8) are also
shown for comparison. The data points for stars can be
readily classified into three groups according to the
value of f, as indicated by three solid straight lines for
f ) 3, 6, and 10. Once again, the slopes of these three
lines are very close to that of the linear chain, i.e., -1/
ν3. For the star molecules studied, it can be concluded
that the confinement force obeys the same scaling
relation as that of linear chains but with an f-dependent
scaling prefactor. Since the magnitude of Rgb also
depends on f, this effect could be partially responsible
for the variability of the scaling prefactor. To test this
idea, DF is plotted vs D in Figure 11. It is seen that, in
fact, linear and star molecules, with the same N and
regardless of f, exert almost the same force when
confined in the same slit.

The scaling of F for dendrimers with different struc-
tures is shown in Figure 10. In contrast to linear chains
and stars, it is not clear whether a limiting power law
relation exists between F and D/Rgb (see eq 8) for the

narrow slit limit (at least for dendrimers with Ns ) 4).
If we assume that a region for small D/Rgb exists where
a power law relation is valid, then the resulting expo-
nent (e.g., ca. -1.4 for g ) 5) is smaller than that for
the linear chain (-1.69) and far different from what
would be expected for a dendrimer based on the naive
conjecture -1/ν3 ) -3.1. It seems that because the
average mer density inside the dendrimer tends to be
high (and even grow with N), scaling theory is unable
to satisfactorily describe the confinement behavior. The
situation is similar for HBPs, where no clear scaling
relation for F is found either (results not shown).

Figure 11 compares F for molecules with the same N
but with different architectures. In narrow slits, F for
dendrimers is larger than that for linear chains, but it
decreases faster as D increases and eventually becomes
smaller than F for linear chains for wide slits. Since F
and F(0) are related, this result is consistent with the
fact that F(0) for dendrimers is greater (smaller) than
that of linear chains in a narrow (wide) slit. Further, it
follows from Figure 8 that chain-end wall segregation
must strongly affect F. The scaling of F for HBPs
(relative to linear chains) is similar to that of dendrim-
ers. Although star and linear chains have almost the
same F, close inspection reveals that F for stars is also
slightly larger for narrow slits and smaller for wide slits
relative to linear chains.

D. Partition Coefficient. K* from eq 19 provides a
direct measure of the relative depletion within the pore
of two polymers with different topology but having the

Figure 8. Density profiles of chain ends and inner segments
for a dendrimer with g ) 5, Ns ) 4 for slit separations D ) 9
and 65, respectively. The profiles are normalized so that they
are unity at the center of the slit.

Figure 9. Scaling plot for the confinement force, DF vs D/Rgb
for star molecules. Results for linear chains and the scaling
prediction (dotted line) are also shown for comparison. The
solid lines are drawn to guide the eye.

Figure 10. Same as Figure 9 but for dendrimers.

Figure 11. Scaling plot for the confinement force, DF vs D
for linear chains, stars, dendrimers, and HBP with the same
N (757). Lines are drawn to guide the eye.
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same (dilute) bulk concentration. Figure 12a shows
some sample results for short polymers (N ) 181) using
a linear chain as reference (cp

B ) c0 for the linear chain
and cp

A ) c for the branched chain). The values of F for
polymers in slits with D ranging from 5 to 65 were
obtained from simulations and the integration in that
range was done numerically. Since F f 1/âD for D f
∞, the value of F for D > 65 was estimated by assuming
that F ) 1/âD + a/âD2, where parameter a was found
from the value of F at D ) 65. As expected, for large D,
K* ) c/c0 f 1 regardless of topology. At very short
separation, branched molecules tend to be depleted in
the pore relative to linear chains. This is due to the fact
that branched chains tend to have a higher average
monomer concentration inside the polymer coil and
experience a larger entropic penalty than linear chains
upon strong confinement. However, this relative deple-
tion of branched chains only ensues for D < Dc, where
Dc is a crossover value where K* ) 1. For D > Dc
branched chains tend to be concentrated relative to
linear chains; this can be explained by the smaller size
of the branched chain coils. This argument is supported
by the observation that the values of Dc are com-
mensurate to 2Rgb for the branched molecules (Rgb )
7.0 for the star and 5.7 for the dendrimer). Note that,
for D > Dc , K* goes through a maximum and then
plateaus to K* f 1. Similar trends are observed, and
analogous arguments can be made if one were to
compare stars and dendrimers. Dendrimers are depleted
in the pore with respect to star molecules for some range

of narrow D and reverse this trend elsewhere. Quali-
tatively similar results have been obtained for larger
dendrimers, HBPs, and stars (N ) 757) and are shown
in Figure 12b. Note that just as with the results for F(z)
and F, the partitioning curve for HBPs appears to lie
in between those for stars and dendrimers.

5. Conclusions

In this paper, the properties of topologically complex
polymers in a spatially confined environment have been
studied. The geometrical confinement is introduced by
placing an isolated polymer chain inside a slit that
consists of two parallel hard walls. Three different chain
architectures were studied: star-branched, dendritic,
and hyperbranched chains. The coil linear dimensions,
the density profiles across the slit, and the confinement
force F were obtained from the simulations and ana-
lyzed in the context of scaling theory. It was found that
the scaling behavior of the coil linear dimensions is not
sensitive to molecular topology; e.g., the scaling of Rg|

with D/Rgb exhibits almost identical behavior for all the
molecular topologies employed. While the scaling be-
havior of the density profiles and confinement force for
stars is analogous to that of linear chain, that is not
the case for dendrimers and HBPs.

The partition coefficient K* at the dilution limit has
been estimated from the data of F vs D. It was shown
that for very short D branched polymers tend to be
depleted in the pore relative to linear chains; this trend
is reversed for large D, where branched polymers tend
to be concentrated in the pore and K* passes through a
maximum. These results suggest that the simulation
approach used in this work could be used to predict the
optimal size (and geometry) of porous media to perform
entropic topology-based partitioning of polymers in
solution. Simulations on the adsorption of topologically
complex polymer will also be illuminating, especially in
the adsorption critical regime where the energy gain due
to adsorption compensates the entropy loss due to the
confinement. Under those conditions, it is expected that
chain topology will have a major impact on the parti-
tioning of polymer solutions. By sequentially studying
entropic and energetic effects, the role of molecular
topology on the partition coefficient can be understood
more clearly and may lead to new applications in the
technology of polymer fractionation.
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