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Polymer translocation into adsorbing nanopores is studied by using the Fokker-Planck equation of
chain diffusion along the energy landscape calculated with Monte Carlo simulations using the incremental gauge cell method. The free energy profile of a translocating chain was found by combining
two independent sub-chains, one free but tethered to a hard wall, and the other tethered inside an
adsorbing pore. Translocation dynamics were revealed by application of the Fokker-Planck equation for normal diffusion. Adsorption of polymer chains into nanopores involves a competition of
attractive adsorption and repulsive steric hindrance contributions to the free energy. Translocation
times fell into two regimes depending on the strength of the adsorbing pore. In addition, we found
a non-monotonic dependence of translocation times with increasing adsorption strength, with sharp
peak associated with local free energy minima along the translocation coordinate. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4754632]
I. INTRODUCTION

Polymer translocation is the process of chain movement
from one compartment to another through a narrow opening
that is significantly smaller than the chain itself.1 Translocation is implicated in many physical phenomena of scientific
interest, including diffusion of DNA out of the cell nucleus,2
injection of viral genetic material into a host cell,3 transport of proteins and polypeptides across openings,4 and drug
delivery.5 Recent interest in computational translocation studies has been fueled partly by the desire for fast and accurate nucleotide sequencing using biological and solid-state
membrane nanopores.6 Translocation may also be an important mechanism in chromatography of macromolecules.
Nanoporous adsorbents are widely employed for separation
of synthetic and biological polymers.7
Translocation has been a classic problem in polymer
physics for some time. Polymer translocation can be either
unforced or forced. Unforced translocation is due to diffusion
of constituent monomers through the opening. An entropic
barrier that is associated with the reduction of chain conformations as the polymer threads the opening must be overcome for translocation to be successful. Forced translocation
is facilitated by applied driving forces, such as electrostatic,8
hydrodynamic,9 or adsorption fields.10–13 The existence of
free energy barriers makes the translocation problem reminiscent to the classical problem of nucleation that is solved
employing the Fokker-Plank (FP) formalism.1, 14 The pioneering works of Park and Sung10, 15 utilized the Gaussian
chain model to obtain the free energy landscape during the
translocation of ideal chains permeating a pore within a
non-interacting membrane. It was assumed that the free energy landscape could be parameterized by the single coora) Author to whom correspondence should be addressed. Electronic mail:

aneimark@rutgers.edu.
0021-9606/2012/137(14)/144903/9/$30.00

dinate, the degree of translocation defined as the number of
monomers that have successfully translocated from one side
of the membrane to the other. The translocation dynamics
was modeled by the FP equation, more specifically, by the
1D Smoluchowski equation of diffusion along this coordinate, with the free energy gradient acting as a driving or resisting force depending on its sign. Muthukumar14 has combined the FP approach with the scaling theory for the free
energy landscape of translocating chains. The primary assumption of the FP approach is that translocation proceeds
significantly slower than the relaxation time of the chain on
either side of the membrane. Although this has been questioned using scaling arguments,16 the approach captures the
essential physics of the translocation process and the main
results compare favorable with experiment.1 Recently, Mirigian et al. found good agreement between the FP approach
and detailed Langevin dynamics (LD) studies, even in complex polyelectrolyte systems.17 Kong and Muthukumar extended the FP approach to unforced translocation of nonideal polymers using self-consistent field theory (SCFT).18
Several attempts to better fit the one-dimension dynamical
approach to observed anomalous diffusion behavior has led
to application of the fractional Fokker-Planck equation.19
Translocation dynamics of both forced and unforced systems have been studied directly in simulations using LD,17, 20
Brownian dynamics,21, 22 molecular dynamics (MD),23 dissipative particle dynamics,24 and dynamical Monte Carlo (MC)
techniques.13, 25, 26 Such studies range from relatively simple, lattice models to large-scale MD systems modeling the
translocation of DNA through biological pores.27 These simulation studies suggest a rich variety of environments where
translocation is relevant. For a recent review of these theoretical and simulation methods, see Ref. 28.
Previous studies suggest that forced translocation encompasses weak and strong regimes, with different scaling
relationships.13, 14, 29 A strong driving force masks entropic
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confinement effects, thus the translocation can be a function
of the applied force alone.14 Conversely, in the weak regime,
the driving force is on the same order as the entropic resistance, and the translocation times depend on both factors. A
system of interest that exemplifies this interplay is translocation into an adsorbing pore. The attractive adsorption potential favors translocation, yet the chain suffers an entropic
penalty due to confinement in the pore. The balance of these
enthalpic and entropic free energy contributions is critical in
many polymer systems, such as theta chain transitions30 and
the critical point of adsorption in polymer chromatography.31
Adsorption effects on translocation through a membrane pore
have been studied in several papers.11, 13 Recently, Yang and
Neimark12 employed the FP approach combined with the
SCFT calculations of the free energy landscape for studies of
translocation into adsorbing pores and performed a detailed
study of the competition of surface adsorption and confinement effects in the process of translocation into a pore. This
work increases the level of details from the mean field SCFT
resolution to the molecular level of MC simulations. Although the MC simulation operates with entirely different and
more realistic chain models, the results obtained below generally confirm the conclusions drawn from SCFT. We found a
non-monotonic dependence on translocation times as a function of adsorption potential that can be divided into three
regimes: weak potentials garner fast but improbable translocation, moderate potentials give slow translocation, and large
potentials yield fast translocation.
In our MC simulations, we employ a freely jointed chain
model with Lennard-Jones (LJ) non-bonded interactions that
is standard in molecular modeling of polymers. As a reference, the ideal freely jointed chain model is used, in which the
absence of non-bonded interactions allows for the monomer
overlap. The MC simulation similar to SCFT enables calculations of the free energies of equilibrated states at given
thermodynamic conditions and constraints. The translocation
dynamics is not monitored explicitly; rather it is studied by
solution of the FP equation of diffusion along the free energy landscape determined in MC simulation as a function
of the degree of translocation. To calculate the free energy,
we apply the incremental gauge cell (IGC) method suggested
by us recently.32 This method is based on the mesocanonical
ensemble, which considers the system of interest in thermodynamic equilibrium with a finite reservoir called the gauge
cell.33 IGC “measures” the incremental chemical potential34
(the difference of the chemical potential between an n-mer
and an (n+1)-mer) by allowing the chain to grow or shrink
by exchanging the terminal monomers of the chain with the
free monomers in the gauge cell. The chain free energy represents the sum of the incremental chemical potentials. The IGC
method was found32 to be an order of magnitude more efficient than the modified Widom approach.34 It has been used
to study adsorption effects of confined polymers.32, 35
The rest of this paper is structured as follows. In Sec. II,
we describe the systems considered, the molecular model and
simulation parameters, and the FP approach to translocation
dynamics. Section III presents the results of free energy landscape calculations from MC simulation, and discusses its implication on translocation. Section IV details the analysis of

J. Chem. Phys. 137, 144903 (2012)

FIG. 1. Schematic of free energy calculations. Two subsystems are simulated separately – a chain tethered to a hard wall, and a chain tethered in a
spherical pore. The free energy of the translocating chain (of length N, and
translocation coordinate s) is the combination of the free energy of the two
sub-chains. Filled circles indicate the tethered, immovable monomer.

translocation dynamics obtained from the integration of the
FP equation. In Sec. V, we present our conclusions and critical analysis of the suggested approach.
II. MODEL

We model the translocation of a homopolymer chain into
an adsorbing spherical pore (trans compartment) through a
narrow window from a dilute solution (cis compartment) using off-lattice Monte Carlo simulations. The progress of the
translocation process is characterized by the degree of translocation s representing the number of chain segments in the
trans compartment. The goal of MC simulation is to determine the variation of free energy of the translocating chain
F as a function of the degree of translocation s. The cis and
trans compartments are modeled as independent subsystems
(Figure 1), following the classical approach.14, 15 The cis compartment represents a semi-infinite space limited by the hard
non-adsorbing wall, and cis sub-chain of length N − s is considered as tethered to the wall at the pore opening, whose size
is neglected. The trans compartment represents a spherical
pore of radius R with adsorbing walls, and trans sub-chain of
length s is tethered to the pore wall at the pore opening. The
initial condition is chosen as the chain of length N in the cis
compartment tethered to the pore opening. As the translocation progresses, the chain is modeled as a composite of cis
and trans sub-chains tethered to the pore opening. The behavior of the chain within the pore opening is not considered,
since the chain fragment in the pore is assumed to contribute
a constant part into the total chain free energy. Within these
assumptions, the free energy of the translocating chain is the
sum of the free energies of the tethered chains in the cis and
trans compartments
F(N, s) = Fcis (N − s) + Ftrans (s).

(1)

As such, the simulation problem is reduced to modeling and
calculating the free energy of tethered chains in cis and trans
compartments independently, as shown in Figure 1. Equation (1) determines the driving force for translocation, which
is proportional to the gradient of F(N, s) with respect to the
translocation coordinate and is supplied to the FP equation as
the external potential.
Simulations were performed in the mesocanonical
ensemble (MCMC)33 using the incremental gauge cell
method.32 MCMC introduces a finite volume reservoir of nonbonded monomers (called the gauge cell) that exchange with
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where r is the distance between bonded monomers, r0 is the
equilibrium bond length set to σ MM , and κ b is the spring
constant, taken as 400 ε/σ 2 .43 The excluded volume effect
is modeled by setting non-bonded monomers to interact via
the LJ potential with monomer-monomer parameters εMM /kB
= 49.3 K, σ MM = 0.394 nm, and no cut-off distance. In order to mimic good solvent conditions,44 the simulations were
performed at kB T/εMM = T* = 8, which is well above the
theta transition temperature of LJ chains (of about 4 ε/kB ).45
To demonstrate the effects of confinement on the chains of
maximum length of 200 monomers the pore diameter was set
to 2R = 10 σ MM , which is approximately the radius of gyration of a free chain of the maximum length considered in this
work. To restrict the chain’s conformations in the cis compartment, the terminal monomer was fixed at (0, 0, 0.5 σ MM ), and
a hard wall repulsion is implemented by rejecting the moves
where monomers crossed the plane z = 0. Adsorption in the
trans compartment is captured using the site averaged solidmonomer LJ potential integrated over the spherical layer of
adsorption centers,46 with σ SM = 0.33 nm. The interaction
strength between the pore wall and the monomer units was
varied as the ratio of solid-monomer and monomer-monomer
interaction energies ξ = εSM /εMM = 0, 0.5, 1, 1.1, 1.3, 1.6,
2.0, 2.5, and 3.0. This range covers the regions of steric repulsion, weak adsorption, and strong adsorption. At ξ ∼ 2,
the interaction parameters roughly correspond to alkane adsorption on a silica surface.47 Because the free energy is the
sum of the incremental chemical values, it is sensitive to these
values for short chains. For this reason, a more detailed potential was used for short chains, n = 1–20. This potential
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the system cell by addition and deletion of monomers at the
free end of the tethered chain. Use of the gauge cell method
brings about two main advantages: accurate determination of
the chemical potential (and thus the free energy), and more
efficient sampling of the phase space. Additionally, the gauge
cell limits fluctuations that would otherwise result in phase
changes characteristic to an open system with unconstrained
fluctuations. As such, a continuous trajectory of metastable
and labile states can be stabilized, and the free energy difference can be obtained by integrating along this trajectory.36
For this reason, MCMC has become a useful tool for studying
nucleation phenomena,36, 37 confined fluid phase behavior,38
and adsorption deformation.39 Chains are equilibrated with
three types of MC moves: local monomer displacement, configurational bias regrow,40 and exchange with the gauge cell.
The simulation scheme consisted of 400 discarded equilibration sets and 500 averaged production sets, each of 850 000
attempted MC moves. Convergence was tested by monitoring error estimates in the chemical potential using blocked
statistics41 with a runtime algorithm.42 A detailed description
of the incremental gauge cell method is given in our recent
paper.32
The polymer is modeled as a freely jointed chain. Sequential monomers are bonded with a harmonic potential
⎧
⎪
⎨ 1 κb (r − r0 )2 for 0.5 ≤ r ≤ 1.5
(2)
Ubond (r) = 2
⎪
⎩
∞, otherwise,
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FIG. 2. Map of solid-monomer potential energy on the y = 0 plane, for ξ
= 1.6. One end of the chain is tethered at (0, 0, R/σ − 0.5), which corresponds
to the small attractive opening at the top of this plot.

explicitly accounts for the translocation opening in the pore
wall by partially integrating over the pore spherical surface.48
An opening of 1 σ MM was created, and the terminal bead of
the chain tethered a distance of 0.5 σ MM from the system
boundary. This potential is shown as an xz-plane projection in
Figure 2. The value of incremental chemical potential calculated with the more detailed and simple solid-monomer potentials are asymptotically identical for n > 10, thus the more
detailed potential implements short chain “corrections” to the
free energy.
Translocation dynamics are studied using the FP formalism following the approach of Park and Sung,15 and
Muthukumar,14 as implemented in our recent theoretical
work.12 We assume that chain relaxation times are shorter
than translocation times (i.e., that the cis and trans sub-chains
can be considered as independent, equilibrated chains). In this
case, we assume that the chain diffuses between the cis and
trans compartments with the drift term proportional to the free
energy gradient. The FP equation governing the translocation
dynamics is


∂ ∂F(N, s)
∂
∂
W (s, τ ) =
W (s, τ ) + W (s, τ ) ,
∂τ
∂s
∂s
∂s
(3)
where W (s, τ ) is the probability of a polymer chain of length
N, with one initial segment in the trans compartment (and
N − 1 segments in cis compartment) at time τ = 0, to have
s segments in trans compartment at time τ . Note that τ is the
dimensionless time; it is proportional to the local friction coefficient k0 , which for a homopolymer is assumed to be independent of the degree of translocation.15 For a complete discussion of Eq. (3), see Ref. 12.
III. RESULTS: FREE ENERGY

The incremental chemical potential, μinc , of two subsystems: a chain tethered to a hard wall and a chain tethered in a
spherical adsorbing pore (Figure 1), was calculated using the
IGC method.32 The adsorption potential of the pore was varied from weak to strong interaction. The values of μinc as a
function of chain length are shown in Figure 3 (top). These
values were reduced by the reference state, an ideal chain
with only harmonic bonds in the same system (i.e., tethered
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FIG. 3. (Top) The reduced incremental chemical potential of tethered chains
in pores of varying adsorptive strength, as a function of chain length n. (Bottom) The reduced free energy of the same chains. Adsorptive strength is
described as ξ , which is the ratio of solid-monomer LJ parameter to the
monomer-monomer parameter. Solids lines indicate chains in pores with ξ
= 0, 0.5, 1, 1.1, 1.3, 1.6, 2, 2.5, and 3, from most positive to most negative,
respectively. Dashed lines indicate a chain tethered to a hard wall (i.e., the cis
subsystem).

in cis/trans compartment), to better illustrate confinement effects on free energy. The dashed line indicates the hard wall
cis sub-chain. For long chains of n > 10, μinc is constant,
as is expected for expanded coil chains well above the theta
temperature.44 The adsorption potential of was varied from
ξ = 0 to 3.0. The incremental chemical potential of the trans
chains rises exponentially with chain length because of increasing steric hindrance. The absolute values of μinc shift
to more negative values at adsorption strength increases, as
favorable adsorption interactions offset the confinement entropy loss. To obtain the free energy of the tethered chain,
the incremental chemical potential is summed over the chain
length n.32 The result is shown in Figure 3 (bottom). The cis
sub-chain reduced free energy profile is increasing and linear, because of its positive and constant incremental chemical
potential. The shape of the reduced free energy of the tethered chain in the adsorbing pore is more complex: depending on the adsorption potential strength, the free energy can
be an increasing, decreasing, or non-monotonic (i.e., with a
minimum) function of the chain length. Since the incremen-
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tal chemical potentials always increase with the chain length,
the minimum is due to the negative contribution from short
chains. For the weak adsorption potentials up to ξ = 0.5,
the free energy is increasing, as the respective incremental
chemical potentials are all positive. As the adsorption potential increases, the free energy becomes non-monotonic: most
of monomers of the short tethered chains are adsorbed at the
pore wall, and the gain in enthalpy compensates for the loss of
entropy. For chains shorter than 200, this regime is seen in the
range of adsorption potentials 1.0–2.5. At the strongest potential of ξ = 3.0 considered, the free energy is still decreasing at
n = 200, but it would achieve a minimum and then increase as
the chain grows further and the pore becomes crowded with
monomers. One of the important qualitative conclusions derived from these calculations is the observation that in contrast
to the chains tethered to non-adsorbing hard wall, the free energy of chains confined to the adsorbing and confining pore is
a nonlinear function of the chain length.
The free energy landscape of the translocating chain is
calculated according to Eq. (1) as the sum of cis- and transsub-chain free energies shown in Figure 3. The free energy
landscape of the chain with N = 200 total monomers is plotted as function of the degree of translocation in Figure 4. Note
that the free energy terms Fcis and Ftrans of Eq. (1) include the
contribution from the harmonic bonds; that is, they are not
the reduced values. As such, the values of F in Figure 4 were
shifted upwards by Fcis (N) so that the depth of the free energy
wells can be clearly discerned. For the weakest confinement
interactions of 0 and 0.5, the free energy is positive and monotonically increases forming an uphill landscape. This suggests
unfavorable conditions for translocation, which is intuitively
obvious (ξ = 0 refers to a spherical pore with no favorable
enthalpic interactions at all; a chain translocating into this
pore would lose entropy and thus be unfavorable). Increasing the interaction potential to the range of 1.0–1.6, the free
energy landscape becomes broader, and exhibits a minimum.
Minima of ξ = 1 and 1.1 occur for short trans sub-chains
(s < 20), while 1.3 and 1.6 have a more broad landscape,
and significantly more negative minima. The minima correspond to a metastable chain configuration composed of transand cis- fragments, which we call a flower. In such configuration the enthalpic gain and entropic loss balance each other.
As we show below, these metastable configurations represent
the stall points and play an important role in translocation

FIG. 4. (Left) The free energy landscape for an N = 200 chain translocating into the pore, as function of length of chain on the trans side s, calculated from
Eq. (1). The free energy here includes the harmonic bond contribution, and is shifted by Fcis (N) for clarity. Lines correspond to ξ = 0–3 from top to bottom.
(Right) Scaled to highlight free energy minima.
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dynamics by significantly increasing the translocation time.
Above this range (2 ≤ ξ ≤ 3), the favorable adsorption interactions are dominant and the free energy monotonically
decreases forming a downhill landscape, which favors translocation, up to the length of 200 tested in our simulations.
However, additional loading would begin to increase
chemical potential as steric hindrance rises.
IV. RESULTS: TRANSLOCATION DYNAMICS

The dynamics of translocation was determined by numerical solution of Eq. (3). Several relevant quantities can be
extracted from Eq. (3). Of particular interest is the translocation time probability distribution. The distribution of translocation times is a measurable experimental quantity, and can be
interpreted to gain knowledge of the nature of translocation.49
When using the FP formalism, it is found from the corresponding probability flux

∂F (N, s)
W (s, τ )
Pin (τ ) = J |s=N = − k0
∂s

∂
+ k0 W (s, τ )
,
(4)
∂s
s=N
where k0 is the local friction coefficient. Similarly, the probability distribution of failed translocation events, when the
chain comes out of the pore, is represented by the negative
flux at s = 0. The normalized probability distributions are displayed in Figure 5. The normalizing factor is the total probability of successful translocation into the pore, given by
 ∞
Pin (τ ) dτ.
(5)
Pintotal =
0

In practice, this is calculated by summation of the resulting
series, multiplied by the selected dτ . The lengths of the series were chosen so that final value can be approximated as
zero. The first and sharpest peak is that of the strong adsorption case, ξ = 3, followed by 2.5. This is expected, as the
strong adsorption potential forces quick translocation. However, the next two peaks are the weakest adsorption cases
of ξ = 0 and 0.5, followed by the strong 2.0, and then
by very broad distributions of the intermediate cases. This

FIG. 5. The normalized probability distribution function of 200-mer chain
translocating into the adsorbing pore. The inset is a magnified view of two
systems: ξ = 1.3 and 1.6, which have extremely broad distributions.

FIG. 6. The total probability of success for N-mers translocating into the adsorbing pore (Eq. (5)). Note that for long chains with unfavorable adsorption
potentials, the probability tends to zero. Legend indicates adsorptive strength
of spherical pore, ξ .

behavior is clearly governed by the shape of free energy
profile (Figure 4). The broad distributions are the result of
the minima, or stall points, found in the free energy profile. At the translocation coordinate where the minimum is
found, the chain is in a metastable state, partially threaded
through the translocation pore with s monomers in the adsorbing pore and N–s monomers outside. With no driving
force, a successful translocation must rely on stochastic fluctuations to escape the metastable position; the time required
is proportional to exp(−F/kB T ), where here F = Fmin
− F(s = N ). Thus, the deeper the free energy well, the longer
the polymer will take to escape it and complete translocation.
This results in the very broad time distributions for potentials where a minimum is found, namely, ξ = 1, 1.1, 1.3, and
1.6. Interestingly, we find that when the adsorption potential is
nonexistent or very weak, successful translocation still occurs
fairly quickly (the peaks of ξ = 0 and 0.5 are both at a smaller
time than ξ = 2). This effect was also observed in our previous theoretical work.12 These weak potentials both present
a monotonically increasing free energy profile; translocation
occurs quickly because there is no energetic advantage to slow
translocation. Even though the unfavorable translocation is
fast, its total probability is quite low (Figure 6). It is worth it
to note that the solution to the FP equation (3) is the same for
monotonically decreasing and monotonically increasing free
energy, save for the prefactor.12 This produces probability distributions of the same shape for the weak potential cases of ξ
= 0, 0.5 and the strong potentials ξ = 2, 2.5, 3, albeit with a
much different prefactor.
It is important to note that the distributions presented in
Figure 5 are normalized by the total translocation probability (given in Eq. (5)). These values are given as a function of
the length of the translocating chain for the various adsorption potentials in Figure 6. Short chains have a high probability of translocation for all potentials. Similarly, increasing
adsorption potential always increases translocation probability. As the chain length increases for translocation into pores
with weak or no potential, the total probability of transition
approaches zero. Chains driven by intermediate adsorption
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FIG. 7. Average translocation time into adsorbing pore of varying adsorption
strength ξ , as function of chain length N. Refer to the legend of Figure 6.

potentials (1.6, 2) have approximately constant total probability with respect to chain length, while the strongest potentials’
(2.5, 3.0) total probability increases with chain length. This
effect is found when the adsorption enthalpy is the dominate
contribution to the free energy, provided an excess of adsorption sites per monomer.35 In this case, the adsorption force
is strong enough that adding additional monomers (i.e., increasing the length of translocating chain) decreases the total
free energy, resulting in a more likely translocation. A similar effect is found in interaction polymer chromatography,
where retention increases with chain length because of increasing favorable interaction with the substrate.50 For chains
with broad time distributions at N = 200 (Figure 5), most
have a total probability of success of zero. The exception is
ξ = 1.6, whose overall probability of translocation is ∼0.14.
This suggests that broad translocation time distributions do
not necessarily prevent a successful translocation event.
The most experimentally relevant property of a translocation process is the average time of successful translocation.
This is given by
τin  =

∞
0 τ Pin (τ ) dτ
∞
0 Pin (τ ) dτ

.

(6)

The average translocation times of the LJ chain moving into
an adsorbing pore are shown in Figure 7. The three regimes
of adsorption strength are reflected. The strongly adsorbing
pores exhibit translocation times that are exponential in nature, with a scaling exponent of ∼1.37. Similarly detailed LD
studies found nearly identical scaling exponents for translocation with strong forcing.51 It is important to realize that if
simulations of longer chains were performed, the scaling relation would no longer apply. For a 10 σ MM diameter pore,
full surface coverage is achieved with about 220 adsorbed
monomers.32 If a chain longer than this were translocating
into the strongly adsorbing pore, the additional beads would
experience a higher incremental chemical potential as they
fill the pore volume, as they no longer directly interact with
the adsorptive walls. Translocation into a weakly adsorbing
pore exhibits a similar scaling behavior for the range of chain
lengths tested, albeit with a smaller exponent. In addition to
the faster per-monomer translocation in these weakly adsorbing systems, the prefactor is the same order as the strongly adsorbing systems. As Figure 5 also indicates, unforced chains

may translocate faster than strongly forced chains. This apparent contradiction can be explained with two points: first,
it is important to remember that the data presented represent
the average times of successful translocations, and that the
probability of such an event is still quite low for unforced
or weakly forced systems (see Figure 6). Second, as time increases, there are significantly more chances for the chain to
escape back to the lower energy cis state. In other words, if a
successful translocation were to occur, it would have the best
odds if it proceeded quickly. For the intermediate systems of
ξ = 1.3 and 1.6, i.e., the ones exhibiting a significant free
energy minimum for the N = 200 chain, the average translocation time shows a slow then a fast regime (as measure of
translocation time per monomer scaling). The slow regime
corresponds to a downhill free energy profile, akin to ξ = 2–3
in Figure 4. At these shorter chain lengths, there are no minima present on the free energy landscape, and translocation
proceeds as with the strongly forced chains. This is followed
by the fast regime plateau at larger N, representing translocation against an entropic barrier. The transition between these
regimes is marked by even slower translocation times (between N = 115–160 for ξ = 1.3 and N = 170–200 for ξ =
1.6). In this range, a surmountable free energy minimum is
present. In other words, the chain reached a length where a
minimum is present; however, the probability of random fluctuations pushing the translocation to competition is nonzero.
The chain is metastable at the minimum, and translocation
times go up accordingly. The plateau in average translocation
times begins were the total probability of successful translocation (Figure 6) goes to zero, and the previous “uphill” arguments apply. The two smaller values of the intermediate
range (ξ = 1, 1.1) appear similar to the “uphill” translocations times of ξ = 0, 0.5, but with a larger prefactor. The minima in these two systems are relatively small, and occur at
short chain length (Figure 4, right). In all cases of the “fast”
translocation against a large free barrier, the probability of a
successful translocation approaches zero (see Figure 6).
The non-monotonic behavior of translocation times with
respect to adsorption strength is an interesting observation of
this work. Figure 8 plots the average translocation time as a

FIG. 8. Average translocation time into adsorbing pore, as function of adsorption strength for several fixed lengths N. Legend indicates chain length
of translocation, N.
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FIG. 9. The total probability of successful translocation for various chain
lengths, as a function of adsorption strength.

function of adsorption strength for several lengths of chains.
A prominent peak in translocation time is clear for long chains
in pores in the intermediate range of potentials, where the
free energy profile has a local minima corresponding to a
transient metastable state. The effect is more pronounced for
longer chains, since such chains must move further from the
metastable state to fully translocate. Short chains are not affected because they successfully translocate before they reach
the minimum. The peak arises due to the long time needed to
escape the stall point at the free energy well. It falls as the
adsorption potential increases, as expected. For the longest
simulated chain of N = 200, the strongest metastable state
(i.e., with the deepest free energy well along the translocation coordinate s) is found between 1.3 < ξ < 1.6. As the
chain length decreases, the position of the minima shifts to
lower ξ , with N = 150 exhibiting a maxima near ξ = 1.3, and
N = 100 at ξ = 1.3. The shift in the maximum for τ with
changing chain length is due the additional entropic penalty
from confinement of longer chains. In other words, for a given
chain to reach its partially threaded metastable state, increasing length must be compensated by increasing adsorption potential. The collapse of the long chain length translocation-in
times at similar values occurs where conditions are unfavorable to translocation, ξ < 1.0. Figure 9 shows the probability
of successful translocation for the same chains as shown in
Figure 8. We see that the probabilities of successful translocation into weakly adsorbing pores are mere zero for all but
the shortest chains. As the likelihood of translocation begins
to increase, so does the time required for successful translocation. After the adsorption potential reaches a certain strength
(which depends on chain length), translocation times fall as
the potential increases, as expected. This is the strong adsorption region.
V. CONCLUSIONS

We studied the dynamics of a single chain translocating into an adsorbing pore by Monte Carlo calculation of
its free energy landscape using the incremental gauge cell
method,32 and application of the Fokker-Planck equation that
mimics the translocation process as the diffusion along the
free energy landscape. The respective free energy landscape
for partially translocated chains was obtained by combining
two independent cis- and trans- tethered chains. It was found
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that the free energy landscape of a translocating chain exhibits three characteristic behaviors: “uphill,” or monotonically increasing free energy as translocation proceeds, “downhill,” or decreasing free energy, and “concave” with a local
minimum. This free energy minimum corresponds to a transient metastable state, where the chain comfortably balances
adsorption and confinement in a flower configuration being
partially adsorbed in the pore. These three energy regimes
translate into very different translocation behaviors. Uphill
diffusion, being unfavorable, has a very low probability of
completing translocation, except for the shortest chains. However, translocation proceeds quickly if it does occur. To conceptualize this phenomenon, we can invoke a momentum
analogy. One can imagine a steep hill (the energy barrier)
with two climbers, one fast and one slow. The faster climber
is more likely to succeed, as the slower climber has more
chances to fall backwards. Downhill diffusion results in more
intuitive results, with translocation times increasing with adsorption strength. This region of strong forcing was predicted
quantitatively by Muthukumar.14 The work of Krasilnikov
et al.52 finds experimental evidence of the non-monotonic
dependence of residence times on molecular weight: they
found that polyethylene glycol (PEG) residence times in an
α-hemolysin pore increased with chain length, up to a molecular weight of 3000, and then decreased.
Concave translocation landscapes with free energy minima result in a very broad time distribution, up to several orders of magnitude more broad than a simple uphill or downhill
case (see Figure 5, inset). When a chain that is favorably moving towards the pore reaches its free energy minimum, forward progress effectively stops as the chain fluctuates within
its free energy well. At this point, successful translocation
means overcoming the energy barrier from the minimum to
F(s = N ). Time for successful translocation slows accordingly. Though slow, broad translocation time distributions
were found to have a non-zero probability, suggesting that addition complexities may arise in experimental systems. These
phenomena highlight the importance of the interplay between
enthalpy and entropy during the adsorption of polymers.
Recently, the validity of the FP method (and its assumptions) has been questioned.16, 22, 26 The main concern is the
result that unforced FP translocation scales as N2 , the same
as (or less than) the Rouse time (the characteristic time for
a free ideal chain to diffuse a distance of the order of its radius of gyration),53 which scales as N2υ+1 , with υ being the
Flory exponent (0.5 for an ideal chain and 0.588 for a random
coil). We do not believe this scaling interpretation is particularly useful for the system considered in this work. First, chain
lengths considered only span two orders of magnitude, hardly
the length scales relevant for true scaling analysis. Where
scaling laws could fit translocation data, i.e., the downhill free
energy regime created by strong adsorption potential, the free
energy cannot scale with N, as continued pore loading will
result in a dramatic increase in free energy. In addition, previous work has found the FP approach14 to accurately describe
forced translocation values in experiment.49, 54
The results of this MC study are qualitatively similar
to previous work where the free energy landscape was calculating using SCFT.12 Most notably, the prediction of free

144903-8

Rasmussen, Vishnyakov, and Neimark

energy minima, and the corresponding increase of translocation times, was found using SCFT. One notable difference is
our previous work with SCFT did not probe overly strong adsorption potentials, where translocation times of strongly adsorbing systems are faster than the translocation time of the
weakly adsorbing systems. While SCFT can make many useful predictions of ideal and excluded volume chains, the real
strength of the current approach is the use of a chemically
accurate model, which can be upgraded for more complex
pore geometries and inhomogeneous polymers, including random and block copolymers. Many factors influence translocation in experiment: temperature, chemical and substrate
heterogeneities, solvent composition, hydrodynamic and electrostatic effects, and so on. Many of these variables can be incorporated with relative ease into a molecular simulation. Use
of such accurate and realistic potentials may help to resolve
the many still open questions about polymer translocation.
The main methodological outcome of this work is the
demonstration of the efficiency of the suggested simulation
technique (a combination of MC calculation of the free energy landscape by use of the incremental gauge cell method,
coupled with application of the FP equation) for modeling
translocation dynamics. This technique can be applied not
only to adsorption driven translocation, but also to any forced
or diffusive translocation process in various confining geometries, including the escape of initially confined chain from
a small cis compartment to a large trans compartment. This
is enforced by the fact that two entirely different simulation
techniques, SCFT in Ref. 12, and incremental gauge cell MC
simulation in this work, bring about similar quantitative conclusions about the specifics of the adsorption-driven translocation is by itself a valuable theoretical result.
Finally, these results suggest an interesting complication
to the traditional picture of polymer chromatography. The retention time of a polymer in a column, and thus the quality of chromatographic separation, is found by determining
the partition coefficient for a given polymer/solvent and substrate. Traditionally, the partition coefficient is modeled as
a function of the difference of free energy upon adsorption
from the mobile “free” state to the adsorbed state. When this
difference is zero, steric repulsion is balanced by attractive
enthalpic interactions, and retention becomes independent of
chain length. This condition is called the critical point of adsorption and important in the separation of structured polymers (e.g., functionalized polymers and copolymers).50 This
work suggests that an intermediate state, the partially adsorbed polymer, exist. If adsorption interactions are favorable
and the pore imposes a steric penalty as the polymer fills the
pore, a metastable partially adsorbed state is reached. This has
clear implications in the separation of high weight polymers.
We intend to examine this scenario in future work.
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