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ABSTRACT

Understanding and computing the entropic forces exerted by polymer chains under confinement is important for many reasons, from research
to applications. However, extracting properties related to the free energy, such as the force (or pressure) on confining walls, does not readily
emerge from conventional polymer dynamics simulations due to the entropic contributions inherent in these free energies. Here, we propose
an alternative method to compute such forces and the associated free energies, based on empirically measuring the average force required
to confine a polymer chain between parallel walls connected by an artificial elastic spring. This measurement enables us to interpolate the
expression for the free energy of a confined self-avoiding chain and offers an analytical expression to complement the classical theory of ideal
chains in confined spaces. Therefore, the significance of our method extends beyond the findings of this paper: it can be effectively employed
to investigate the confinement free energy across diverse scenarios where all kinds of polymer chains are confined in a gap between parallel
walls.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0269740

I. INTRODUCTION decrease in the conformational entropy, and generate a corre-

sponding free energy excess. As a result, the confinement free

Understanding the forces or the pressure exerted by polymer energy of a polymer is primarily determined by the entropic
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chains within confined spaces is a fundamental problem in polymer
science. This comprehension is demanded across diverse domains,
including biological processes, nanotechnology, drug delivery, and
microfluidics, underscoring its relevance in both fundamental
research and technological applications.”” For example, it sheds
light on how proteins fold under confinement conditions,”* the
forces required to package (or eject) biopolymers (e.g., DNA) into
(or from) a bacteriophage capsid,” the dynamic properties and con-
formation of confined DNA, " and polymer translocation through
narrow channels." "

Many of these intriguing phenomena are associated with
spatial constraints, which emerge from physical boundaries such
as membrane walls or channel boundaries. These constraints
reduce the number of allowed configurations, resulting in a

effects.”"

Commonly, three length scales can be used to characterize the
confinement regimes: the size of the unconfined polymer (measured,
for instance, by its radius of gyration Ry), the persistence length [,,
and the confinement length scale d. For instance, the strong con-
finement regime is defined when d < ,; when [, <d <« 2Ry, the
confinement is considered moderate; and the weak confinement
regime corresponds to d > 2R,.'""*

In this context, a polymer chain confined in a gap between
two parallel walls becomes a classical and fundamental problem that
exposes the essential physics. The exploration of this scenario traces
back to the seminal works by Casassa'’ and Edwards and Freed,”
which addressed the excess free energy of an ideal (Gaussian) chain
under such confined conditions. Since then, significant progress has
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been made in this field, employing diverse theoretical approaches
and basic scaling arguments.'>'"*'~**

For example, the classical analytical theory has been devel-
oped for the excess free energy of an ideal chain (N units of
size o) confined between two parallel walls at a distance of
d (confinement length) within a moderate confinement regime.'””’
This classical Edwards theory predicts a confinement free energy
scaling of F~1/d*. Consequently, the corresponding repulsive
entropic force f = —OF/d exerted on the walls scales as f ~ 1/d°.
In contrast, in a weak confinement regime, the confinement free
energy follows the scaling F ~ 1/d, leading to repulsive force scaling
as f ~ 1/d*.)” On the other hand, the theory for a polymer in good
solvent (the self-avoiding chain) becomes more complicated due to
the pair interactions (excluded volume).””?” Much effort has also
been made to investigate dilute solutions of flexible polymer chains
in a good solvent confined between two parallel repulsive walls using
field-theoretic methods.”*”’

Under confinement, the de Gennes scaling predictions’’ are
commonly employed in the literature and the basic Flory theory can
be rewritten in terms of a geometrically confined space. For instance,
in the case of a self-avoiding chain confined between two walls, this
becomes™

AF K 0N
ksT ~ No? dRﬁ ’

@

where the first term stands for the usual (Gaussian) entropic elastic-
ity of the chain with the end-to-end distance R, while the second
term accounts for the contribution of excluded volume interactions
in the “pancake” volume of thickness d. In this context, Ry becomes
the lateral chain dimension in the plane without geometric con-
straints (for more details, see Refs. 22, 30, and 31). Note that the
“standard” minimization with respect to the lateral size R} gives
the equilibrium free energy scaling with the confinement length as
1/d"* and so the repulsive force scaling as 1/d*?. Within the blob
scaling theory, the free energy of a polymer chain confined in a
narrow space (a flat slit or a narrow tube) is given by F ~ 1/d"",
with the “Flory exponent” v reflecting the chain nature. It should be
noted that, for the ideal chain (v = 1/2), one recovers the analytical
result of Edwards and Freed for the ideal chain confined in a narrow
space. For the confined self-avoiding chain, F ~ 1/d" 2! Tt would be
important to be able to verify (or question) these analytical results
with an appropriate computer simulation, which is what we aim for
in this paper.

Technically, at present, it is easy to carry out dynamic simula-
tions of a chain in a confined space”’' and determine its statistical
parameters, such as Rg, but it is not straightforward to find the free
energy-related properties, such as the force (or the pressure) on con-
fining walls. This is because the entropic contribution to these free
energies and the associated forces are not naturally coming out of a
typical time-limited computer simulation.

Although various advanced methods exist for estimating free
energy in molecular dynamics (MD) simulations,”” * accurately
accounting for entropy-related contributions remains a fundamen-
tal challenge. Addressing this difficulty has been a key focus of
many studies, including those by Frenkel (1984),”"° Jarzynski
(1997),”” and Laio and Parrinello (2002).** In this manner, mod-
ern approaches, such as thermodynamic integration and umbrella
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sampling, provide effective strategies for computing free energy in
MD simulations.”> However, their application to confined polymer
chains remains relatively unexplored.

In contrast, Monte Carlo (MC) simulations have been more
widely used to estimate the confinement free energy of polymer
chains."'*'*****> However, a major limitation of standard fixed-
length MC simulations is their inability to directly estimate the
free energy and the associated confinement forces.”** To address
this challenge, advanced sampling techniques, such as the Pruned-
Enriched Rosenbluth Method (PERM), have been employed to
enhance the exploration of the conformational space in confined
polymer systems.”” A recent application includes the estimation
of the free energy of semiflexible polymers under confinement,
covering different confinement regimes.'*"’

As an alternative, recent studies using Brownian Dynamics
(BD) simulations'**’ have computed the average force produced by
the confined polymer on the walls, and then, the corresponding free
energy could be estimated by integration. In particular, Leith et al.'®
estimated the free energy of a semiflexible polymer chain confined in
a slit (which is exactly our problem here) using Monte Carlo (MC)
and BD simulations for weak and strong confinements, respectively.
For moderate confinement regimes, both approaches were in agree-
ment with each other. Within BD simulations, they measured the
average force acting on the walls by measuring the potential energy
due to the monomer-wall interactions [repulsive Lennard-Jones (L])
potential]. The free energy was then obtained via numerical integra-
tion of the average force over the confinement length. By adding a
numerical constant obtained from an empirical relation to the free
energy, they found good results, which turned out to be in agreement
with scaling predictions.

However, it is important to note that although the average force
exerted by a confined polymer chain can, in principle, be estimated
in a typical simulation through changes in the potential energy of
pair interactions, such a force has its physical meaning different
from the actual entropic force associated with the confinement free
energy based on the change in the number of conformations. As
the chain tries to avoid the confinement, producing a force on the
walls in order to maximize the number of allowed configurations, its
configurational entropy changes.

In light of this, here, we propose an alternative and very sim-
ple simulation method based on empirically measuring the average
force required to confine the chain. This measurement enables us
to interpolate the expression for the free energy of a confined self-
avoiding chain, by integrating the measured force, and thus establish
a closed analytical expression to complement the classical theory
of polymers in a confined space. Therefore, the significance of our
method extends beyond the findings of this paper: its concept can
be effectively employed to investigate the confinement free energy
across diverse scenarios, for example, for different types of chains
and for different types of confinements, as long as the movable walls
controlled by a spring force are constructed.

Il. COMPUTATIONAL DETAILS

In this work, we use the currently “standard” approach of
the simulation package Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS)*”* to perform Brownian dynamics
simulations.” " It involves numerically integrating the Langevin
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equation for all interacting particles within the system, enabling us to
observe the stochastic temporal evolution of the system. As a result,
the system reaches thermal equilibrium at a specified target temper-
ature by applying the Langevin thermostat, which is implemented
in LAMMPS within the framework of classical molecular dynam-
ics. The fixed number of particles N connected along the polymer
chain within a defined volume V is kept constant during the simula-
tion. Since this is widely used by many authors, we shall be brief in
describing the relevant simulation details.

We use the classical Kremer-Grest bead-spring model for
polymers,””* in which N beads (monomers) are connected along
the polymer chain through a non-harmonic spring model made of
an attractive finite extensible nonlinear elastic (FENE) potential,

1 2 r 2
UCh(r) _ —EKRO ln[l - (Ri()) ]> r< ROa

0, r > Ry,

and an added repulsive truncated Lennard-Jones potential [also
referred to as Weeks-Chandler-Andersen (WCA) potential®*] cut
offat r = 2%,

12 6
4e” (f) _(f) o1 . r<2',
U(r) = r r 4

0, r>2"%,
where r is the center-to-center distance between consecutive beads,
€” is the repulsive L] strength, and ¢ is the diameter of an individual
monomer.

The FENE potential exhibits harmonic behavior around its
minimum. The spring constant is defined as & = 30¢* /¢*. In addi-
tion, the polymer chain extension is constrained, preventing it
from stretching beyond the maximum bond length of Ry = 1.5¢.
These parameter values were chosen in alignment with other
computational studies.”””

The bending stiffness of the polymer chain is introduced
through the bending elasticity energy on each bond, which is given
by

U(6) = Ko(1 + cos 6), )

where 0 is the angle formed between two consecutive bonds and
K is the bending coefficient.

The interaction between non-bonded particles in the polymer
chain can be described by the standard Lennard-Jones (L]) potential,

UU(r): 4€[(j)12—(j)6]—¢, r < Teuts

0, r> Teuts

where r represents the center-to-center distance between beads,
€ denotes the depth of the L] potential well, and the constant
¢ = UL](rcut) ensures that UY - 0 as 7 — reg. In this way, the
L] potential can be employed to account for excluded volume inter-
actions between monomers and to incorporate long-range attrac-
tion interactions if and when required. While the full L] potential
describes conditions of poor solvent, when the effective attraction
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between monomers occurs, a purely repulsive L] potential repre-
sents a good solvent. This repulsive potential is achieved by trun-
cating the L] potential at its minimum value, corresponding to
ro = 2164 335559

Consequently, the polymer model described above allows for
the simulation of both a self-avoiding chain (with excluded volume
interactions) and an ideal phantom (Gaussian) chain that can inter-
sect itself due to the absence of self-repulsion (without excluded
volume interactions), with the non-bonded L] potential turned off.
This does not have to be the case, and more complex pair inter-
actions can be explored, but here we aim to preserve the ultimate
simplicity of the polymer model to illustrate the method of force
calculation most clearly.

Unless otherwise specified, the average temperature was kept
constant at kgT = 1.0e. The internal to LAMMPS damping con-
stant damp and the LJ time unit were linked to the same energy
scale via the fluctuation-dissipation theorem: damp = 0.57"" and
7= 0\/m/e, where m denotes the bead mass.”"”” Another impor-
tant parameter is the bending coefficient Ky, which is related to
the persistence length, I, = 0(Kg/ksT), and for our basic case of
a flexible polymer chain, we set I, = 0.010,”"" that is, almost zero
bending stiffness. Once again, it is straightforward to extend the
model to semiflexible chains in confinement, but we remain within
the simplest possible polymer description.

We adopted a simulation time step of At = 0.017. Considering
that the intrinsic energy of the system corresponds to 2.5 kJ/mol in
real units, the thermostat temperature will be about 300 K. Tak-
ing the monomer size ¢ to be around 0.3 nm (typical size of an
amino acid residue in proteins) and the average mass of an amino
acid residue to be ~2 x 107> kg (with an average molecular weight
of ~110), we can estimate that the LJ time unit becomes 7 ~ 2 ps.
Consequently, by simulating 10°At time steps in this coarse-grained
approach, we can effectively trace the system dynamics over the
20 ns period.

A. The spring-wall model: Chain between
parallel walls

The central point, and the purpose of this work, is to intro-
duce a new method of “measuring” the entropic force exerted by the
confined chain. In order to obtain the free energy of a confined self-
avoiding chain, we construct our confinement so as to empirically
find the average force required to keep the chain between parallel
walls, one of which is movable, itself constrained within a controlled
harmonic potential, as depicted in Fig. 1. In this sketch, the polymer
chain is confined along the x direction by two parallel walls. The left
wall is a traditional reflective wall, where the reflection is interpreted
as the reversal of the perpendicular velocity component of a parti-
cle that moves toward the wall.””" The right wall is made of a rigid
plane of the same L] particles, which is allowed to move along the
x direction in a separate spring potential. When the confined chain
exerts an increasing force (disjoining pressure) on this wall, it will
move up the spring potential, and by measuring its average position,
we will directly measure the force. The plot in Fig. 1 illustrates this
wall position stabilizing at a certain average value. Reflective walls
are also employed in the y and z directions, but these boundaries
are placed sufficiently wide to prevent the chain from coming into
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FIG. 1. (a) Two-dimensional schematic representation of a polymer chain con-
fined between two walls: a reflective left wall and a spring-wall on the right. After
equilibration, indicated by the black spring-wall, the equilibrium wall position, Xcm,
can be determined, allowing the estimation of the average harmonic force and
the equilibrium gap d. (b) Simulation result depicting the time evolution of the x-
component of the center of mass of the wall, X¢m, for a self-avoiding chain with
N = 1000. The right wall is initially placed at 3.5¢, corresponding to the minimum
of the spring potential (the blue bullet point). For visual reference, the snapshot
of the initial configuration and a video of this simulation setup are provided in the
supplementary material.

time steps  -10°

their proximity. Snapshots and a video of the simulation setup are
provided in the supplementary material.

The spring-wall model was constructed using the simulation
resources provided within the LAMMPS framework."””’ The wall
consists of 500% LJ particles arranged in a square lattice (y,z) plane,
with a lattice parameter of a = 1.12¢ (the minimum of the L] poten-
tial). Interactions among the wall particles are governed by the
L] potential, as given by Eq. (3), truncated at rcy = 30w, where
ow = 1.0 and ey = 5.0. In addition, the interaction between the wall
and the polymer chain is modeled using a repulsive L] potential with
Oweh = 1.0 and ey, = 1.0.

In order to attach the wall to a spring, we employ the LAMMPS
routine FIX SPRING TETHER. This command essentially applies a
one-dimensional spring potential to the center of mass of a group
of particles (the wall particles in our case).””” Further information
about LAMMPS implementation can be found in the supplementary
material.

The wall particles are initially placed at the minimum of the
spring potential, Xo, as illustrated in Fig. 1. The stiffness of the spring
is determined by a constant k, which gives the spring force acting
on the center of mass of the wall."””’ For our purposes of captur-
ing the equilibrium wall position and extracting the force exerted
by the chain on the wall, we select a value of k = 50 in L] poten-
tial units (e/c”). However, it is important to appreciate that the
entropic force exerted on the wall by the confined chain must be
independent of a particular value of the spring-wall constant k, as
long as it is sufficiently high to accurately capture the average har-
monic force required to confine the polymer chain. This is verified
in the supplementary material.

On allowing the polymer chain confined within our spring-wall
model to equilibrate, we observe that the movable wall is pushed
outward in the x-direction due to the force exerted by the chain. To
measure this force, we output the time evolution of the x-component
of the center of mass of this moving wall, denoted as X,. After
reaching equilibrium, when the force generated by the chain is equal
to the spring restoring force, we are able to estimate the average force
exerted on the wall, as illustrated in Fig. 1.
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In this manner, we measure the equilibrium (average) wall
position, X, represented by the red horizontal line in Fig. 1 (right),
and thus compute the average harmonic force,

f = kAXcm = k(ycm - XO); (3)

which is equal to the force exerted by the chain on the wall. However,
a small caveat of this method is that we do not have a prescribed con-
finement gap d. Instead, we measure the equilibrium gap d between
the walls in the same simulation. Since the fixed wall on the left is
placed at x = 0.50, the equilibrium gap is defined as d = X, — 0.50.
By obtaining the measured chain force f as a function of the mea-
sured confinement length d, for the given chain length N and the
normalized temperature kgT/e, we are able to analytically recon-
struct the confinement free energy expression for a self-avoiding
chain, as will be shown in Sec. I11.

I1l. RESULTS AND DISCUSSION

In order to determine the confinement free energy of a self-
avoiding chain, we first estimated the average harmonic force
required to confine the polymer chain, as described by Eq. (3). Ini-
tially, we simulated a polymer chain with N particles in a good
solvent, confined between two reflective walls at a distance of 20, for
a total of 107 time steps for a chain with N = 1000 beads and 2 x 10
time steps for longer chains with N = 2000 and 3000 beads. The final
configuration from this simulation was then used as the initial con-
figuration for our well-equilibrated polymer chain in the subsequent
simulations in our spring-wall model.

We conducted different simulations of a chain composed of
N beads confined within our spring-wall model. In each simulation,
we varied the initial gap between the walls by adjusting the starting
position of the spring wall, X,. Through these simulations, we cal-
culated the average harmonic force (normalized force), f/k, and the
equilibrium gap, d, as presented for N = 1000 in Table I. Note that
a very wide initial gap, Xo = 20.50, did not yield any confinement
force.

Figure 2(a) shows the normalized force, f/k, as a function of
the inverse normalized gap, 0/d, obtained from our simulations for a
self-avoiding chain with N = 1000 beads (points). The solid line rep-
resents the fitted curve for the quadratic scaling law f/k = a(o/d)?,
where a is a fitting parameter. As can be seen, the force exerted on
the wall scales with the inverse gap as 1/d>.

TABLE 1. Results for a self-avoiding chain consisting of N = 1000 beads. All length

parameters are given in units of o. Note that the error in the measurement of X, is
~20.10.

Xo Xem AXcm = Xem — Xo d

3.50 4.58 + 0.09 1.08 + 0.09 4.08 + 0.09
4.50 5.31 £ 0.09 0.81 £ 0.09 4.81 £ 0.09
6.00 6.53 £0.10 0.53 £0.10 6.03 £ 0.10
7.50 7.84 £ 0.10 0.34 £ 0.10 7.34£0.10
9.00 9.23 £ 0.10 0.23 £0.10 8.73 £0.10
10.50 10.67 £ 0.10 0.17 £ 0.10 10.17 £ 0.10
20.50 20.49 + 0.10 -0.01 £ 0.10 19.99 + 0.10
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FIG. 2. (a) Normalized force, f/k, as a function of the inverse normalized gap, o/d,
for both Gaussian and self-avoiding chains with N = 1000 beads (points). The y-
error bars represent the standard deviations of average harmonic force. The solid
lines represent the fitting curve for the quadratic scaling law f/k = a(a/d)? for
both chains, where a is a fitting parameter. In (b), we present the force for both
chains, normalized by the product ka. The data for the self-avoiding chain are
shown with empty points, and the Gaussian chain with filled points, for N = 1000,
2000, and 3000 beads.

For comparison, we also present the data for a Gaussian (ideal)
chain under similar conditions. Interestingly, here we find the same
power-law dependence, indicating exactly the same repulsive force
scaling with the confinement length. This implies that the equilib-
rium (entropic) free energy of the chain in this confinement scales as
F o< 1/d, a result not predicted or observed by any previous theories
or simulations.

We also found this power-law force dependence for longer
chains (N = 2000 and N = 3000), as shown in Fig. 2(b), where we
present the force for both chains, normalized by the product ka.
As can be seen, all data are well described by a quadratic behavior
(1/d*). We also note small deviations for the first two points, where
the gap is the widest and the chains are less confined, and the fluc-
tuations are more pronounced. The values of a and the individual
force plots for the longer chains are provided in the supplementary
material.

In order to derive the full expression for the force exerted by the
self-avoiding chain on the wall, we explored the power-law depen-
dencies of the force with respect to both the chain length, N, and
the normalized temperature, kg T/e. To achieve this, we conducted a
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FIG. 3. Log-log plot of the normalized force, f/k, as a function of chain length,
N, for confined self-avoiding and Gaussian chains, with an initial gap between
the walls equal to 3. The y-error bars represent the standard deviations of the
average harmonic force. The data for the self-avoiding chain, shown with empty
points, were fitted to the function f/k = bN?3, represented by a solid line, while
the data for the Gaussian chain, shown with filled points, were fitted to the function
f/k = bN", represented by a dashed line.

series of simulations involving chains confined between two parallel
walls, with the initial gap between the walls set to 30.

Remarkably, the result of this gives the normalized force
f/k with a clear scaling behavior with the chain length N. This scal-
ing can be approximated by a power-law relationship, specifically
f~N 23 for the self-avoiding chain (for the ideal Gaussian chain, the
similar scaling result was f ~ N'/?), as depicted in Fig. 3. Again, none
of the previous theories or simulations have seen or suggested that.
For instance, the minimization of the Flory model in Eq. (1) gives
Feq = 2k TN'*(a/d)"?, but this is for the self-avoiding chain. The
classical Edwards and Freed model?’ was for the ideal chain, and it
gives Feq = (°/6)kg TN (c/d)*.

In addition, we also examined the effect of varying the nor-
malized temperature, kzT/e, and calculated the force exerted on
the wall for both self-avoiding and Gaussian chains, as shown in
Figs. 4(a) and 4(b), respectively, for fixed values of N = 1000 and
2000 monomers. In this case, the force is found to scale with
the normalized temperature as f/k = c(kzT/¢)'/?, with ¢ being an
adjustable fitting constant.

In this manner, we found that the force exerted by the
chain on the wall is given by a factorized scaling expression:
f=f(E)f(N)f(d), where the separate contributions are due to the
energy E, chain length N, and confinement gap d, respectively. All
were empirically determined as power-law scaling relations from fit-
tings in Figs. 2—4. The full expression for the entropic force combines
into

1/2 2
Foke(® )" o < ke
€ 42

2
o

= Iabe x s_l/z(kBT)l/zNz/3 7

(4)
where the constants a, b, and ¢ are the fitting parameters in Figs. 2-4,
respectively, with their values listed in Table IT for both self-avoiding
and Gaussian chains. The readers’ concern that what we assert to be
an entropic force appears not to be linearly proportional to kT here
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FIG. 4. Log-log plot of the normalized force, f/k, as a function of the scaled tem-
perature, kg T /e, for confined self-avoiding chains in (a) and for Gaussian chains
in (b), with the initial gap between the walls equal to 3. The lines represent the
fitting curves.

should hold their doubt till Eq. (5) below, where we complete the
dimensional analysis incorporating all the constants in their proper
scaling forms.

As previously mentioned, the force exerted by the chain on
the wall is independent of the specific value of the spring constant
k (see the supplementary material for further details). However, the
product of a, b, and ¢ determines the magnitude of the force. For
instance, from Table 11, one can infer that the force increases with
the number of monomers, N. In addition, the force exerted by a self-
avoiding chain is greater than that of a Gaussian chain, as can also be
observed in Figs. 2-4. It is also important to note that the expression

ARTICLE pubs.aip.org/aipl/jcp

for the force a Gaussian chain exerts is similar to Eq. (4) but dif-
fers only in the value of the numerical factor abc and the power-law
contribution due to the chain length, which follows N vz

Importantly, in order to maintain dimensional consistency for
the force, the product of the fitting parameters should have the
dimensions of [0°/e*] in terms of L) parameters. Furthermore,
remembering that k = 508/02 and e = kgT (see Sec. 1), we obtain
that the force for the flexible self-avoiding chain confined between
parallel walls scales like

e\o _ o?
feo (?) ;28 l/z(kBT)l/zNZﬁ?

N/
d2
where the universal numerical constant was estimated from fitting
the equation to computational data (see the supplementary material
for details), A = 1/4. The corresponding free energy expression is
derived by integrating the force in Eq. (5) over the confinement
length d. As a result, we obtained the confinement free energy analyt-
ically (which in effect means that we have produced an interpolation

formula),

1/2 o2
N%(kBT)VZNZ“? = AksT , (5)

1 oN*?
AF = 4kBT .
In the similar way, from the comparison results presented in
Figs. 2-4 for an ideal Gaussian chain, implementing the constraints
on dimensionality and estimating the remaining universal numerical
constant from re-fitting the data (see the supplementary material),
we conclude that the confinement free energy takes the form

(6)

1 oN'/2
AF = —kgT
37 g

The only fundamental difference between the two chain models is
found in the power-law contribution due to the chain length N,
which is mainly manifested across the unconfined direction (parallel
to the walls), representing chains with different equilibrium sizes.

To better understand the difference in flattened chain
conformation in these two models, we computed the
x-component of the radius of gyration, defined as the mean square,
R¢? = %Zﬁl (% — Xem)?, for chains with N =1000 monomers.
Here, x; represents the x-coordinate of the position of the ith bead
along the polymer chain, while x.n denotes the x-coordinate of
the center of mass of the polymer chains (along the confinement
direction).

. ™

TABLE II. Values of the fitting parameters a, b, and ¢ obtained from Figs. 2—4 and the numerical factor abc that appears in

€T :¥T:LT 920Z aunC 0T

Eq. (4).
Chain N a b c abc
Self-avoidin 1000 18.3+0.2 0.0107 + 0.0001 1.04 + 0.01 0.204 + 0.004
& 2000 39.3+0.5 0.0107 + 0.0001 1.71 £ 0.02 0.72 £ 0.01
Gaussian 1000 95+0.3 0.0203 + 0.0001 0.66 + 0.01 0.13 £ 0.01
2000 154+ 0.7 0.0203 + 0.0001 0.88 £ 0.01 0.27 £ 0.01
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FIG. 5. Distribution of the x-component of the radius of gyration, RgZ, for self-
avoiding and ideal Gaussian chains, obtained by histogramming the values of Rg2
(x-axis) from a simulation with the initial wall gap of 3o. The inset represents a
snapshot of an equilibrated self-avoiding chain confined along the x direction.

In this manner, we show the distribution of Rgf in Fig. 5. Each
distribution curve was obtained from a simulation with a very nar-
row initial wall gap of 3¢. It is important to remind the reader that
the measured final equilibrium gap, d, is larger for the self-avoiding
chain (d = 4.080) compared to the ideal chain (d = 3.700), which
explains why the average value (Rg?) is greater for the self-avoiding
chain. In addition, we found that both chains are likely distributed as
Gaussian along the x-direction. This suggests that the self-avoiding
and ideal chains are behaving similarly in the confinement direction,
which means that their main differences are manifested across the
unconfined region (parallel to the walls).

Therefore, the tighter parallel confinement enforces the ideal
chain to be more stretched laterally, increasingly resembling an
excluded volume behavior in 2D. Since the majority of the chain
conformations are explored in this lateral plane, we found that this
might explain why for both types of chains (ideal and self-avoiding),
the equilibrium free energy exhibits the same scaling dependence on
the confinement length, 1/d.

IV. CONCLUSION

In this study, we have introduced a new approach to empir-
ically determine the confinement free energy of polymer chains
confined between parallel walls through Brownian dynamics sim-
ulations. This approach is highly generic, and its concept can be
used for many different types of chains, and types of confinement, as
long as the movable walls controlled by a spring force are properly
constructed in the simulation.

Notably, we found that both the ideal chain and the self-
avoiding chain show their confinement free energy scaling with the
gap as 1/d and, accordingly, the repulsive force (disjoining pres-
sure) scaling as 1/d”. This is consistent with the established scaling
in the weak confinement regime,'””” but we find the same scaling
for the Gaussian ideal chains and for the self-avoiding chains, and
also well into the regime where one expects a strong confinement
(i.e., d < Rg). This does not correspond to any of the previously
known theoretical models.'”*"***" The supplementary material
gives more details to this crossover issue. The answer has to be

ARTICLE pubs.aip.org/aipl/jcp

that we never reached the real strong confinement regime in our
simulation, even though the gap was as low as d = 0.08R, (see the
supplementary material for more details). To us, it says that there are
additional numerical factors in the crossover position that demand
it to be so much smaller.

Earlier computational studies have observed the crossover
into the strong confinement regime. For instance, the method
of “confinement analysis from bulk structures” (CABS)’""* has
demonstrated a very clear crossover near d ~ R, for different chain
types. The fundamental difference of our approach is that we do
not use any theoretical input in measuring the confinement force;
instead, we measure it empirically, while the other methods—from
CABS to PMF-based methods—do rely on heavy theoretical back-
ground: from calculating partition coefficients to various ways of
statistical sampling. We believe that future work with much longer
chains is necessary to fully capture the crossover and the strong con-
finement scaling. It should be also mentioned that, in our approach,
we encountered practical limitations that prevented us from reduc-
ing the gap further, as it automatically adjusts during the simulation.
We note that the parallel confinement enforces even the ideal chain
to stretch more in the lateral plane, resembling an excluded volume
behavior, which may explain the same 1/d dependence of the free
energy for both models.

Similarly, the scaling with the chain length (N"/? for ideal chain
and N? for self-avoiding chain) is unexpected and does not match
well with many earlier studies. Nevertheless, we believe that these
results are “more correct” than others because we do not intro-
duce any models or assumptions. Our method cannot claim to
capture the full configurational entropy loss associated with con-
finement, but it does measure what the chain empirically exerts on
the walls. In contrast, PMF-based methods (e.g., histogramming or
umbrella sampling) reconstruct the free energy landscape and are
more directly tied to the statistical mechanical definition of free
energy. It would be very interesting to compare the two methods
for the same chain kind and conditions to better understand this
conundrum of the disjoining pressure behaving in such a way.

Using our method, we show how to construct the interpolated
analytical expression for the free energy of a confined chain to com-
plement (or challenge) the classical theory of polymers in a confined
space. This simple concept could also be beneficial to model poly-
mers under internal confinement as encountered in applications
such as filled polymers or nanocomposites.

SUPPLEMENTARY MATERIAL

The supplementary material gives more details on the technical
aspects of this simulation. It also includes the details of LAMMPS
implementation for our spring-wall constraint, the evidence of how
the disjoining pressure depends on the gap and does not depend on
the wall-spring constant k, and the explanation of our estimate of the
numerical constant in the interpolated free energy.
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