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Translocation of polymer chains under the application of an external force has been studied through
coarse-grained Monte Carlo simulations. The chains are pulled through a nanotube of finite length and
diameter and their translocation times measured. The average translocation time, 7 follows a scaling
relation involving the chain length, N and applied force, F as, t ~ N'F*, where » and p are two different
exponents (¥ =0.674, and u=0.95+0.05). The scaling law is closely similar to the nanopore trans-
location scaling law reported by Milchev et al. [Ann N Y Acad Sci 2009;1161:95]. Characteristic signatures
of the chain escape time have been exhibited by the square of end-to-end distance R?, axial radius of
gyration Rg_x and other constituent properties. The behavior of the linear polymers under the application
of a pulling force has been exploited to gain insights into the ultrafiltration process of unentangled
polymers in dilute solution. The generic pulling force—translocation time (F, 7) data obtained through
simulation can be matched reasonably well with the hydrodynamic force—critical macroscopic flow time
(fn, Q2 1) data and also with the hydrodynamic force—reduced critical microscopic flow time (fi,, gc!) data
obtained in the ultrafiltration experiment on long linear polystyrene chains in cyclohexane, as recently
reported by Ge et al. [Macromolecules 2009;42:4400] The simulation technique reported here may be
extended to study biomolecular transports occurring in long protein channels, as studied experimentally
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through current—time or voltage—time traces.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Translocation of polymers/biopolymers through nanopores like
those present in cell membranes and semipermeable membranes
used in osmosis/reverse osmosis has been an active area of research
with the experimentalists as well as theorists. More than a decade
ago Kasianowicz et al. [1] first reported the epoch making experi-
ment on characterizing polynucleotide molecules using the
a-hemolysin ion channel. This was followed by a variety of exper-
imental evidences using the a-hemolysin ion channel as a detector
for RNA segments [2], as an orientation discriminator for DNA [3]
and also as a sequence dependent gating of DNA hairpins [4].
These experiments emphasize the importance of nanopores of
biological origin. Translocation through such nanopores has been
exploited in diverse applications like controlled drug delivery [5],
gene therapy [6] and DNA sequencing [7]. Artificial solid state
nanopores were also synthesized and successfully exploited to
detect single stranded DNA [8]. Asymmetric polymer nanopores
prepared by latent ion track-etching technique were proved to be
successful in discriminating between DNA fragments of different
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lengths [9]. Similar technology has also found application in
making of alkenyl and alkyl fullerene in carbon nanotubes through
which structural and orientational information of single molecules
have been obtained [10].

In a recent article, Ge et al. reported the macroscopic flow rate
dependence of retention concentration of linear polystyrene of
varying molecular weights [11]. The authors raised the question
about the magnitude of force needed to make the linear polymers
pass through small pores of the ultrafiltration process. The exact
force requirement depends on many factors such as state of the
polymer (i.e. coiled or blob state), macroscopic flow rate, solution
viscosity, temperature and pore size. The importance of nanopores
and translocation of biopolymers/polymers through them thus
recognized led to theoretical developments [12—16] accompanied
by computer simulation [17—20] studies. The first theoretical
formalism of polymer translocation through a cylindrical channel
has appeared recently [21]. A Gaussian chain without the excluded
volume and hydrodynamic interactions, translocating between two
spherical compartments, was considered. The average trans-
location time of the chain was shown to have complex dependence
on chain length, channel diameter, channel length and sizes of the
donor and receptor compartments. The excluded volume effect was
considered for polymer translocation in a short nanochannel
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between two containers by Xie et al. [22]. These authors showed
that the excluded volume effect significantly alters the polymer
translocation time, with a non-monotonic dependence on the
length of the chain.

In this article, we particularly focus on the passage of linear
polymers through a nanochannel of finite length and diameter,
thereby looking more closely into the details of the ultrafiltration
process. There is a time delay by which the first monomer of
a coiled chain from the bulk suspension finds the mouth (i.e. entry
point) of the nanochannel. One may conceive the ultrafiltration as
a forced translocation of the polymer coil through the fixed nano-
channel, and the translocation time (or escape time) may be
defined as the time counted from the entry of the first monomer
into the nanochannel to the exit of the last monomer out of the
nanochannel. In the simulations, a pulling force along the axial
direction acts on the first monomer from the chain’s entry to exit
from the nanochannel.

We employ a new model, Fraenkel + Lennard-Jones for the linear
polymers (the more widely used being the FENE + Lennard-Jones
model). The flexible bead-spring chains are then subjected to enter
a nanotube of finite length under the application of an external
pulling force. In order to gain some insight of the motion of the
polymer chain through the nanotube, we monitor the square of
the end-to-end distance and the axial and radial radii of gyration
of the chain. Further, changes in the chain-entropy inside and outside
the nanotube has been manifested by the calculation of the Flory free
energy [23]. All these physical properties leave their signatures of the
confinement and subsequent release of the polymer chain from the
nanochannel. With respect to dependence of average translocation
time on pulling force and chain length, we arrive at scaling laws
which have been closely similar to those obtained for translocation
through nanopores. This establishes the validity of our simulations.
Subsequently, we match the simulation data of (pulling force—
translocation time) with the ultrafiltration experimental data [11] of
(hydrodynamic force—critical macroscopic flow time) and (hydro-
dynamic force—reduced critical microscopic flow time), with
areasonably good agreement. The question of force requirement for
the passage of the linear polymer chains through the nanochannels
in an ultrafiltration unit has been answered through the simulations
of the near-real linear polymer chains using the generic Fraenkel + L]
potential model considered in this article.

2. Simulation techniques

The polymer chains have been modeled as bead-spring chains of
Lennard-Jones (L]) particles interacting through the Fraenkel
potential [24] (for the bead-bead backbone) and the repulsive
Lennard-Jones potential (for the non-neighbor beads). The Fraenkel
potential has been used earlier [25,26] for the stress relaxation
studies on single chains and also for single chains confined in a tube
[27]. The potential has a harmonic form

H
UFraenkel () = 7F(r - b0)27 (1)

where, Hg is the force constant and by is the equilibrium bead—bead
distance. The repulsive Lennard-Jones potential has the form

y(r) = 2¢[ (5) "= (5) ] +e. r=@e. (2a)
Uy(r) =0, 1> (2)", (2b)

where ¢ is the diameter of a bead and ¢ is the energy parameter
representing the depth of the potential. This form of the L] potential

is also known as the Weeks—Chandler—Andersen (WCA) potential
[28]. The excluded volume effect of the polymer has been included
in the repulsive L] potential through the parameter ¢. As the
neighboring beads interact through the Fraenkel potential, the non-
neighbor pairs interact through the L] potential. Throughout the
simulations, we have set Hr =400 kgT, bg=1.00 and ¢ =0.83 kgT,
where, kg is the Boltzmann constant and T is the absolute
temperature. The choice of by and ¢ has been kept the same as was
done by Huopaniemi et al. in a two-dimensional simulation study
on polymer translocation [18].

It is worthwhile to mention here that we have opted for the
Fraenkel + LJ combination as the chain potential over the FENE + L]
combination. Although the latter is more frequently used in poly-
mer simulations, it is asymmetric with respect to the equilibrium
bond length (= 0.96¢) [29]. The Fraenkel + LJ combination does not
have any appreciable asymmetry around the potential minimum, as
can be seen from the plots in Fig. 1.

Initial configurations of chains of N beads have been generated
as follows: Taking the first bead as the seed (placed arbitrarily at the
origin), coordinates (x;, y;, z;) of the successive beads are generated
using  (x; = x;_1 + gsinfcos¢, y; = y;_1 + osinfsing, z; = z;_1+
acosfl, fori=2,3,...,N); angles § and ¢ are obtained from § = 7*qq
and ¢ = 27*ff, respectively, where qq and ff are two random
numbers generated for each bead. Consecutive inter-bead distances
are matched with ¢, before accepting the coordinates of the new
bead to build the chain. Each such chain has been equilibrated for
108 Monte Carlo (MC) steps prior to examining the forced trans-
location (i.e., entry into the nanotube and subsequent escape). The
equilibration of the chains has been monitored through the calcu-
lation of the square of end-to-end vector <R*> and the square of
the radius of gyration <R§>. For each chain length (characterized by
N, number of beads in the chain), we monitor the <R*> and (Ré) for
100 chains. The average magnitudes of these quantities are given in
Table 1. After the equilibration steps, the chain has been relocated
such that the first monomer of the chain is placed at the base of the
nanotube, located at (0, 0, 0). The translocation of the chain is then
followed by applying a pulling force on the first monomer acting
along the axial direction of the nanotube.
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Fig. 1. Comparison of the Fraenkel + L] and FENE + L] potential functions. Note the
highly asymmetric (with respect to the minimum, at r = 0.96¢) nature of the FENE + L]
combination as against the near-symmetric Fraenkel + L] combination (minimum at
r=1.00).
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Table 1
Equilibration of the Fraenkel + L] chains considered for the forced translocation
study.

N <R*>/[d? <RZ> /o?
10 12.5+3.2 1.7+04
25 50.1+5.3 48+04
50 899+5.1 123+0.8
100 189.5+7.8 189+ 1.1
200 559.5+18.7 414+15
300 1098.3 +£51.1 96.5 +3.6

Hp =400kgT, b = 1.00; ¢ = 0.83kgT. For each value of N, 100 chains were considered.

The physical location of the nanotube is along the +X axis, with
the centre of the base at the origin. The cylindrical nanotube has its
dimensions as: diameter 1.5¢ and length 15¢. As the bead diameter
of the monomer is ¢, the inner pore of the nanotube ensures that, at
any instant of time only a single monomer passes through the
cross-section of the tube, when the first monomer of the chain is
pulled by applying force. Since the Fraenkel + L] chain is a string of
beads (of diameter ¢), the pulling force on monomer no. 1 gets
transmitted throughout the chain. It is to be noted that the mon-
omer—monomer bond length (bg = 1.0¢) equals the bead diameter
(¢), and hence the pulling force will be experienced by all the
monomers of the chain, with a gradient along the chain axis.

Most of the simulation studies on translocation of polymers and
biomolecules consider the motion through a ‘nanopore’. The
nanotube has been considered here in order to mimic the nano-
channels in an ultrafiltration unit. For example, a Whatman double-
layer membrane has a two-layer structure, the upper thick layer
with pore diameter 200 nm (length 59 um) and a lower thin layer
with a smaller pore diameter of 20 nm (length 1 um) [30]. The
nanotube may also be considered as a solid state nanopore [31]
whose length is many times larger than the pore diameter. It may
also resemble an idealized version of the a-hemolycin ion channel
[32]. The interior of the nanotube has reflective characteristics and
acts as an impenetrable barrier for the monomers. Once a monomer
i is inside the nanotube (characterized by 0 < x; < 15¢) its y- and z-
movements are restricted by —0.75¢ <y; <+ 0.750; —0.750 < z;
< +0.750, where (x;, y;, z;) are the position coordinates of the ith
monomer.

In the Langevin dynamics method, motion of each bead i of the
chain is dictated by a total force F,-T on the bead, which comprises of
force arising from potential, frictional force and a random force.

F[ = mr;= F + F + F}, (3)

where m is the mass of the bead. The force arising from the chosen
Fraenkel + LJ potential are included in F,-C. The frictional force acting
on the bead is F,-F = —£v;, where v; is the velocity of the bead and ¢
is the friction coefficient. The friction coefficient £ is related to the
fluctuations of the random force F} by the fluctuation—dissipation
theorem [33]:

<F§‘(t)-FJ‘3 (t)> - 61<BT§(5,~]~6<t— t')‘ (4)

The temperature of the system being simulated is maintained
through Eq. (4). The pulling force is directed along the axis of the
nanotube and is expressed as

Four = Fx, (5)

where F is the strength of the pulling force exerted on the first
monomer of the chain and X is a unit vector in the direction of the

tube axis. The action of Fy is for 0 <x; <150, and it ceases to act
once the last bead of the chain leaves the nanotube.

In order to decide the temperature of simulation, we have
carried out the following experiment. We consider a 50-bead
Fraenkel + L chain which has been equilibrated for 10°MC
steps. The chain was then subjected to forced translocation into
the nanotube using a pulling force F=1.0 (in units of kgT/o)
acting on the first monomer. Translocation times (7) at different
temperatures were measured by varying (kgT/e) for 0.02 < kgT/
£<2.0. The measured 7 values at each temperature, shown as
points in Fig. 2 are the averages of about 100 simulation runs.
Standard deviation in 7 is about 1% for kgT/¢ > 0.5 and 3—4% for
0.02 < kgT/e < 0.5. We have also included the curves for the T2°
and T dependence [34], for the sake of comparison. It can be
seen from the plots that at higher temperatures, kgT/e> 0.5,
translocation time of the chain remains unchanged while at the
lower temperatures, 0.02 <kgT/e <0.5, the translocation time
has a complex temperature dependence. The lower temperature
observation is in agreement with that of an N=30 chain
considered by Loebl et al. [34]. However, we did not find any
increase in t with T, at higher temperatures. As one of the
objectives of the present article is to correlate the (F, t) data from
the simulation with those obtained in the ultrafiltration experi-
ment of Ge et al. [11], we fix the simulation temperature by, kgT/
e¢=1.2 [35]. This choice of simulation temperature is identical to
that of Huopaniemi et al. [18], who considered polymer trans-
location through nanopores.

The interactions between the translocating chains and the
nanotube have been modeled as repulsive and have been imple-
mented in the following manner. The interior of the nanotube has
reflective characteristics and acts as an impenetrable barrier for the
monomers. Thus, the monomers of the chain collide with
the interior of the nanotube and get reflected into the tube. The
potential energy for such events may be written as, U.o; = Zcoli€colls
where Z¢ is the number of monomer—nanotube collisions and ¢coy1
is the energy exchanged in each such collision. Since ¢ is the
monomer diameter and the diameter of the nanotube is 1.5¢, the
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Fig. 2. Variation of translocation time (t) with simulation temperature (expressed in
terms of kgT/¢) of a 50-bead Fraenkel + LJ chain, under a pulling force F = 1.0, acting on
the first monomer of the chain. Bead diameter is ¢, diameter and length of the
nanotube are 1.5¢ and 15¢, respectively (see text). The points are the averages of about
100 simulation runs. Standard deviation in t is about 1% for kgT/e > 0.5 and about
3 — 4% for 0.02 < kgT/e < 0.5. The curves for the T2 and T~'* dependence are also
included for the sake of comparison.
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chain will experience more number of collisions when pulled using
a small force. But when the pulling force is very large, such colli-
sions are expected to be few. For the translocating chain, once
a monomer i is inside the nanotube (i.e., 0 < x; < 15¢), the monomer
may experience collisions with the interior wall of the nanotube.
This will restrict the y- and z-coordinates of the monomer to
—0.750 <y; <+0.750; —0.750 <z; <+ 0.750. The details of the
calculations of (x;, y;, z;) for the monomers which collide with the
interior of the nanotube during the forced translocation process
have been described in the Appendix.

In the Monte Carlo simulation of the Langevin equation of
a polymer chain, we replace the continuous time variable with
a small time step At. If the position of the ith bead at time step t is
denoted by rj(t), the simulation form of the Langevin equation for
the bead can be written as [25,38]

@2 FI(t) + di(t 6
mi()*‘z(% (6)

where FJ(t) is the total force on the ith bead (see Eq. (3)) and the
random step vector dj(t) is characterized by the two moments,

l'i(t-f—At)) = rj(t) +

(d;(t)) = 0,
<d,-(t)dj(t')> - dzléijé(t—t'>, (7)

where, I is an unit tensor. The random displacement d, and time
step At, are related through the diffusion constant D, of the chain.

2kgTAt

.
It is to be noted that in Egs. (6) and (8), mass of the bead does not
appear explicitly as it does in Eq. (3), but the bead mass is implicit in
the friction coefficient as, £ = kgT/D = my, where ¥ is the collision
frequency [39].

In order to accommodate the entropic effects during the motion
of the chain, one can apply the Flory approximation in the stiff limit
[40] on the polymer chains (such as those in polymer melts and
polyelectrolytes) to calculate the Flory free energy (or conforma-
tional free energy), E of the chain [23].

d? = 2DAt =

(8)

E
klﬁ = Eelas + Ereplv (9)

where the elastic contribution to the free energy, Eejas and the
repulsive interaction contribution, Erep| are given by

R2
Eejas 11371\]1 (10a)
NZg3
Erepi ez (10b)
In Eq. (10), R = \/(R?) is the root-mean-square end-to-end

distance of the chain of N monomers, ¢ is the monomer diameter
and I, is the persistence length, [, = ¢/p (p being the probability of
taking a bending step in the self-avoiding walk). Isaacson and
Lubensky [41] had used radius of gyration of the polymer instead of
end-to-end distance in Eq. (10) to calculate Flory exponent » for
linear and branched polyelectrolytes in dilute solutions. In the
simulations, we calculate R in each time step and use Eq. (10) to
calculate Eejas and Eqepl.

As the polymer chain is being pulled through the nanotube, its
mean radii of gyration along the axial (Rg_x) and radial (Rg_y;)
directions are different.

(Re-x)” = <—Zﬁ]<xiN_ XCM)2>7 (112)
N - 2 (7 _ 2
Ry 4y = <ZI_1 [(}’1 .VCM13 +(2i — zcm) ]>7 (11b)

where (X;, i, z;) are the coordinates of the ith monomer and (xcm,
YeMs Zom) are the coordinates of the centre of mass of the chain.
These two quantities are also being monitored during the motion of
the chains in the nanotube.

Throughout this article, we report the results using the
following units: length in terms of ¢, energy in terms of kgT, force in
terms of (kgT/s), and time as the Monte Carlo steps.

3. Results and discussion

After initial generation of the polymer chains, as detailed in
Section 2, the equilibration of the chains of varying lengths
N=10, 25, 50, 100, 200 and 300 has been monitored for 10°
Monte Carlo steps, through the calculation of the square of end-
to-end vector <R?> and the square of the radius of gyration (Ré).
The data presented in Table 1 are the averages of 100 chains. The
<R*> and <R§) values of the chains in Table 1 clearly indicate
that the chains are non-ideal, when tested by the Debye relation
[42], (R2) = (R?)/6 = Nb?/6, where b is the length of the
segment.

We have chosen a Fraenkel + LJ chain with N=50 and a pulling
force of F=1.0 to examine the variation of translocation time on
temperature. The choice of F= 1.0 is such that we should be able to
measure the translocation time at the lowest temperature with
reasonable accuracy. For this exercise, we report the average t over
100 runs for each value of (kgT/e¢) for 0.02 < kgT/e < 2.0. The points in
Fig. 2 are the measured 7 values at each temperature. The standard
deviation in 7 is about 1% for kgT/e > 0.5 and 3 — 4% for 0.02 < kgT/
£<0.5. We have also included the curves for the T 20 and T4
dependence, for the sake of comparison [34]. We observe that at
higher temperatures, kgT/e > 0.5, translocation time of the chain
remains unchanged while at the lower temperatures, 0.02 < kgT/
£<0.5, the translocation time has complex temperature depen-
dence. The lower temperature observation is in agreement with that
of an N =30 chain considered by Loebl et al. [34]. It is interesting to
note that, for the 50-bead Fraenkel + Lj chain, we did not observe
any increase in t with increasing T (unlike in Ref. [34]), after the
decrease of 7 at kgT/e = 0.5, to about 1.2 x 10% MC steps. Our obser-
vation is in qualitative agreement with the decrease in flow time
with increase in temperature in the ultrafiltration experiment of Ge
et al. (in the temperature range 35.80—41.55 °C, the macroscopic
flow time decreases from 166.7to 23.5 h, see Table 2) [11]. For kgT/
&> 0.5, the translocation time for the chain remains practically
unchanged. This prompted us to fix the simulation temperature for
generating the (F, 1) data for different N (see below) to be, kgT/e = 1.2,
in line with the nanopore translocation simulation temperature by
Huopaniemi et al. [18].

For the generation of the (F, 7) data for different N, we perform
the simulation runs on the Fraenkel + L chains of varying lengths
N=10, 25, 50, 100, 200 and 300, using different pulling forces
F=0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 7.5 and 10.0.
Different independent starting configurations have been generated
for each of the chains and the results reported are the averages of
50 runs. The standard deviation in 7 is about 0.5—1.0% for large force
(F>1.0) and 6—8% for smaller forces 0.01 < F<0.5. Fig. 3 displays
(not to scale) the different stages of the forced translocation event
of a 25-bead Fraenkel + LJ chain.
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Table 2

Critical macroscopic flow rate Q., reduced critical microscopic flow rate q./ksT/(377)
and hydrodynamic force f;, requirement for linear polystyrene chains in cyclohexane
above the theta temperature 34.5 °C (From Ref. [11]).

T(°C)

35.80 37.70 39.55 4155
QJ/102mLh™'  0.60 0.75 1.75 425
qc/ksT/(37)[1072 0.56 0.72 1.52 3.56
fulfN 19 20 38 101
Q:'/hmL™! 166.67 133.33 57.14 23.53
[qc/ksT/3mn)]™t  178.57 138.89 65.79 28.09
fuIN 19 x107® 20 x107"® 38 x107'® 101 x10°'®

Critical macroscopic flow time is Qz! and reduced critical microscopic flow time is
[9¢/ksT/(3mm)] .

In Fig. 4 we present the translocation time (7) vs. applied force
(F) curves for N =10, 25, 50, 100, 200 and 300. For large forces, the
translocation time is seen to be linear with respect to the applied
force. This observation is as expected [43] and also observed in the
simulation of polymer translocation through a 2D nanopore [44].
However, when the pulling force is small, the translocation time is
significantly long and the curves for different N are seen to be
nearly convergent. From the log—log plot (shown as an inset in
Fig. 4), the slopes of the 7 vs. F curves are different for different
magnitudes of F. Corresponding to the scaling law t ~ F ", we
obtain the values of u to be 0.95 + 0.05. This scaling is in agreement
with the 2D translocation through a nanopore [44]. However, the
scaling law obtained by us for ‘nanotube’ translocation differs from
that for ‘nanopore’ translocation, reported by Panja and Barkema
[45]: © ~ N**", for F=0; 7 is independent of F, for FN’ < 1; and
7 ~ N%[E, for FN" > > 1, where »=0.588, the Flory exponent. We
ascribe this discrepancy to the different geometries of the problem;
viz. a nanopore has a much smaller thickness in comparison to the
length 15¢ of the nanochannel, considered in this work. Following
Panja and Barkema [45], for unbiased (i.e. with F=0) polymer
translocation across a nanopore, the membrane is present as an
impenetrable plane across which the chain translocates from the cis
side to the trans side. This translocation gets augmented if a pulling
force (F> 0) is applied to one end. The chain is pulled so that the
central monomer gets tethered at the nanopore; at this instant the
pulling force ceases to act, the chain now translocates to the trans
side and the translocation time is measured. This entails the
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Fig. 3. Different stages of the forced translocation of a 25-bead Fraenkel + LJ chain (not
to scale). (a) First monomer about to enter the nanotube; (b) A few monomers already
in the nanotube; (c) Polymer chain leaving the nanotube; (d) The chain has just left the
nanotube.
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Fig. 4. Translocation time (7) against the pulling force (F) for linear polymer chains
with N =10, 25, 50, 100, 200 and 300 (N is the number of beads comprising the chain).
Bead diameter is ¢, diameter and length of the nanotube are 1.5¢ and 150, respectively
(see text). The 7 values are the averages of 50 runs for each N under different F. The
standard deviation in 7 is about 0.5 —1.0% for large force (F>1.0) and 6 — 8% for
smaller forces 0.01 <F<0.5. The inset shows the log—log plot of the same data,
indicating different slopes for different magnitudes of the pulling force.

essential difference between Panja and Barkema’s work and the
present work, as we do not consider any teethering of the chain and
the monomers translocate through the nanotube, unhindered. The
action of the pulling force in the ‘nanotube’ translocation, in our
simulations, is from the instant the first monomer enters into the
nanotube to the instant when the last monomer leaves the nano-
tube, without any teethering.

The scaling of the 7 vs. N (number of beads) has been shown in
Fig. 5 for F=0.01, 0.1, 1.0, 5.0 and 10.0. Considering a model scaling
law t ~ N% the exponent « has different magnitudes for different
forces; for example, « =0.6—0.7 at F=0.01 and 0.1. For larger
pulling forces, F=1.0, 5.0 and 10.0, the exponent has a larger
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Fig. 5. Translocation time () against the number of beads (N) at five different pulling
forces, F=0.01, 0.1, 1.0, 5.0 and 10.0, for N =10, 25, 50, 100, 200 and 300. Data are the
same as in Fig. 4. The solid lines are the calculated fits with the scaling relation 7 ~
NVF* using various », and u = 0.95 + 0.05.
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variation, « = 0.5—0.6 for N < 50, and « =0.8—0.9 for N > 100. This
is indicated as the change of slopes of the curves in Fig. 5. We have
tested the 7 vs. N data using the nanopore scaling law by Panja and
Barkema [45] as well as by the nanopore scaling law formulated by
Milchev et al. [46]: t ~ N**1-Y,/F, where »=0.588 is the Flory
exponent and y; =0.680 is the surface entropic exponent. While the
Panja and Barkema scaling law [45] has a fixed expression for
different magnitudes of forces, Milchev et al. scaling law [46] may
be used by varying y;. We find that the data obtained in our
simulations match closely the Milchev et al. scaling law [46] with
v1=0.680 and v =0.674. As the term v is about 15% larger in
magnitude compared to the Flory exponent for a 3D chain, we may
call this » to be the quasi-Flory exponent. Thus, although our
simulations are done on nanochannel translocation, the polymer
translocation times closely follow the nanopore translocation
scaling laws, albeit with certain variations.

All the chains simulated have shown distinct signatures of their
cylindrical confinement (during the action of the pulling force Fp,
acting on the first monomer of the chain) and subsequent relaxa-
tion (when the pulling force has been switched off). These signa-
tures are evident from the plots in the Figs. 6—9, for a 50-bead
Fraenkel + L chain. In Fig. 6, we show the time evolution of the
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Fig. 6. Time traces of the square of the end-to-end distance, R?, squares of the x-, y-
and z-components of end-to-end vector, RZ, R)Z, and RZ, respectively, of a 50-bead chain.
The peaks in the R? and R? curves are marked with vertical lines, indicative of the
escape times. The numbers by the sides of the curves are the magnitudes of the pulling
force F. Plots in Figs. 6—9 relate to the same 50-bead Fraenkel +LJ chain, under
different pulling force.
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Fig. 7. Axial (Rg_x) and radial (Rg_y) radius of gyration of a 50-bead chain. The peaks
in Rg_x along with the vertical lines are indicative of the escape times. The numbers by
the sides of the curves are the magnitudes of the pulling force F.

square of the end-to-end distance, R?, and the squares of the x-, y-
and z-components of the end-to-end vector viz., R, R2 and RZ,
respectively. For each of the six forces shown, F=0.2, 0.5, 1.0, 2.0,
5.0 and 10.0, the R? and RZ of the chain reach a peak value just
before the release of the last monomer from the nanotube. As the
pulling force ceases to act from that instant, the chain begins to
relax to its equilibrium conformation; hence the square of the end-
to-end distance and its x-component start to decrease. This is
evident from the plots of R and R2, for all the six pulling forces
shown. Since the pulling force on the first monomer acts on the
axial (i.e. x-) direction, we do not observe any distinctive escape
time feature in the plots of Rf and R? (lower two panels in Fig. 6).
Further, because of the confinement of the chain inside the nano-
tube (0 <x; < 150), the R2 and R? components are small in magni-
tude compared to RZ. But 1mmed1ately after the chain has fully
escaped, the R2 and R? components start to grow in magnitude
with a correspondmg decay of the R? component, ultimately
reaching the equilibrium requirement of a free chain:
RZ = R} = RZ = R?/3. This feature can be clearly seen in the bottom
two panels in Fig. 6, where both RJZ, and R? show the upward trend,
after the chain’s escape, out of the nanotube. To reach the fully
equilibrium state, the chain requires at least one more decade of MC
steps, beyond what is shown in the plots.

We have calculated the average radius of gyration along the
axial (Rg—x) and radial (Rg_y;) directions according to Eq. (11) and
these are presented for the 50-bead Fraenkel + 1] chain at six
different pulling forces F=0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 in Fig. 7.
Similar to the square of end-to-end distance and its x-component,
the axial radius of gyration, (Rg_x) distinctly shows the moments of
liberation of the chain out of cylindrical confinement. As expected,
the corresponding radial counterpart, (Rg_y;) does not show such
signature escape times, although some dips in the time trace are
visible (Fig. 7). As the chain is being pulled along the x-direction,
the chain gets elongated along this direction, while any elongation
along the radial (i.e. y- and z-) directions is prevented as the
monomers must remain confined within the nanotube. The
restrictions in the y- and z- movements of the chains while inside
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Fig. 8. Time traces of the average square of the bead-bead distance, <b®>, squares of the
x-, y- and z-components of bond-segment vector, <bZ >, < b2 > and < b? >, respec-
tively, of a 50-bead chain. The time trace of <b®> exhibits fluctuations around the
average value of b3. The vertical lines in the < b2 > plots are indicative of the escape
times. The numbers adjacent to the curves indicate the magnitudes of the pulling force F.
The differences in the time traces of < b}z, > and < b? > originate from the segment
orientation anisotropy, caused by the pulling force and nanotube confinement (see text).

the nanotube have been discussed in Section 2 and also in the
Appendix.

Since the elongation of the chain means elongation of the
individual bond segments, we observe this phenomenon in the
time traces of the function < b2 > (Fig. 8). We recall that
Ib| = /(b?) = /(b3 + b} + b2) where (by, by, b;) are the compo-
nents of the bond-segment vector b. The instant the chain escapes
from the nanotube (and the pulling force is switched off), the
function < b? > starts to relax back to its average equilibrium value
of 0.3377 [26]. As the equilibrium bond length is set as bg =1, we
observe only fluctuations around 1.013 [26] in the corresponding
<b?> plots. The < b2 > plots clearly indicate the distinctive escape
time concomitant to the applied pulling forces F=0.2, 0.5, 1.0, 2.0,
5.0 and 10.0. However, the < b > and < b? > plots shown in the
lower panels in Fig. 8 do not exhibit any such distinctive feature
indicative of the influence of the pulling force, which is expected,
as the pulling force acts along the x-direction of the chain. One
may note that the magnitudes of < b} > and < b? > are different,
for all the applied pulling forces. As the pulling force is tensile in
nature, it leads to the development of orientation anisotropy in the
bond segments. Due to the tensile deformation of the chain, a finite
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Fig. 9. Elastic (Eelas) and repulsive (Eep) contribution of the entropic free energy of
a 50-bead chain. The elastic contribution clearly shows the chain escape time signa-
tures. The rest of the legends are the same as in Figs. 6—8. The total entropic free
energy Eioar is shown on the bottom panel. (For interpretation of the references to
colour in this figure, the reader is referred to the web version of this article.)

stress results. The stress is directly related to the orientational
anisotropy of the segments [47]. The bond-segment orientation
anisotropy is further augmented as the chain is confined within
the nanotube, interior of which acts as an impenetrable barrier to
the monomers. Similar effects due to segment orientation anisot-
ropy were also observed in the simulation of Fraenkel chains under
step strain [26].

We now present the entropic free energies of the 50-bead
Fraenkel + LJ chain in Fig. 9, calculated using the Flory approxi-
mation (Eq. (10)). Since the elastic free energy is directly
proportional to the square of the end-to-end distance of the
chain (Eq. 10a), the elastic free energy plots follow a pattern
similar to that of square of end-to-end distance. The distinctive
times of escape from the nanotube have been exhibited by the
chain for all of the pulling forces of which only six are shown, viz.
F=0.2, 0.5, 1.0, 2.0, 5.0 and 10.0, for the sake of clarity. We show
the repulsive and total entropic free energies in the middle and
bottom panels, respectively, of Fig. 9. The repulsive free energy
has an inverse dependence to the cube of end-to-end distance of
the chain (R—> dependence, Eq. (10b)). The repulsive contribution
increases to twofold to threefold in magnitude from its initial
value, within a few Monte Carlo steps, and remains around this
high value, till the first monomer reaches the nanotube end (i.e.,
X1 >150). The Eep then starts to decrease as the front part of the
escaping chain gets freedom from the confinement (i.e., no y- and
z- restriction). A large pulling force makes this decrease in the
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Erepi earlier in time, compared to that in the case of a smaller
force. This is approximately followed by the chain, as can be seen
from the middle panel in Fig. 9, the red curve (F=0.2) of Eep
decreases later in time while the dark green curve (F=10.0)
starts to decrease in early time. Finally, the dominant contribu-
tion to the total entropic free energy comes from the repulsive
part, as the elastic contribution is much smaller in magnitude
(Eelas < 0.1Erep|). This makes the Erep) and Eioral curves look very
similar (Fig. 9).

The pulling force—translocation time (F, t) data presented in
Fig. 4 have been matched with the hydrodynamic force—critical
macroscopic flow time (fi,, Q- ') data and also with hydrodynamic
force—reduced critical microscopic flow time (fy, gc') data of the
ultrafiltration experiment [11]. Corresponding to the dilute solu-
tion of the linear polystyrene sample (M, = 1.8 x 107 g/mol, My,/
M; = 1.06, <R,> =100 nm) in Ref. [11], we obtain the number of
Rouse segments in the sample to be 3600; as the reported
molecular weight of a Rouse segment in a dilute solution is about
5000 [48]. Thus, we match the (fy, Qz ') and (fi, qc!) data of this
sample (above the theta temperature, . = 34.5 °C, for polystyrene
in cyclohexane, Table 2) with the (F, t) data obtained by simu-
lation of the N=200 Fraenkel+L] chain. For the purpose of
matching the generic (F, t) data with the (f,, Q") and (fin, gc")
data, we take the largest force, fi,=101 x 10~ Newton to be
equivalent to F=10.0 (kgT/s) of the simulation and the corre-
sponding critical macroscopic flow time, Q-'=23.53h to be
equivalent to 7=3.42 x 10°> Monte Carlo steps of the simulation.
Such a match is permissible as the bead-spring model of the
Fraenkel + L chain is a generic model, where each of the physical
quantities is expressed in generic units (see Section 2). This type
of generic matching has also been reported elsewhere (see
Ref. [25], Fig. 10) for the relaxation modulus data of a mono-
disperse polystyrene sample [25]. Thus, for the N =200 chain, the
(F, 1) data in Fig. 4 are transformed into (F*, t*) data, where F* =
(Fx 101 x1071%)/10.0 and t* = (7 x 23.53)/(3.42 x 10°). As shown
in Fig. 10, both the (fi, Qc") and (fn, qc!) data match reasonably
well with the (F", 1*) data, obtained through simulations,
emphasizing the validity of the simulations. The macroscopic
flow rate (Q) and temperature in the ultrafiltration experiment
are controlled with the help of a syringe pump [11], the lowest
used flow rate being 0.005 mL/h. One may define the macro-
scopic flow time as the reciprocal of the corresponding flow rate;
physically, macroscopic flow time is the time taken by unit
volume (say, 1 mL) of the dilute polymer solution to pass through
the nanochannels of the ultrafiltration unit. The microscopic
flow rate (q) is defined as the macroscopic flow rate per nano-
channel (i.e. ¢ = Q/n, where n is the number of pores/channels on
each membrane). Thus, the microscopic flow time is the recip-
rocal of the microscopic flow rate. For the polymer to pass
through the nanochannel, the moving monomer of the chain
must overcome the hydrodynamic force (f;,) imparted by the
solvent and the other monomers. In a dilute solution, the mon-
omer—monomer and monomer—solvent hydrodynamic interac-
tions are quite strong. This makes a moving polymer chain to
drag the solvent molecules along with it in bulk and also during
its journey through the nanochannel [49]. As the Fraenkel + L]
potential model used in the simulation is a representative of
near-real chains with excluded volume, the comparison of the (F,
7*) data with the (fi,, Q1) and (fi,, gc!) data of dilute polystyrene
above 0. is meaningful. Above the theta temperature, the
excluded volume becomes significant for the polymer [42]. For
the ultrafiltration experiment, the monomer size (or blob size) of
the linear polymer must be equal to or smaller than the pore size
of the nanochannel [11]. This condition has been maintained in
the simulations as the bead diameter is ¢, and the nanotube
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Fig. 10. Simulation vs. experiment [11]. Comparison of the pulling force—translocation
time (F, t) data obtained through simulation with the hydrodynamic force—critical
macroscopic flow time (fy, Qz ) data (top panel) and the hydrodynamic force—reduced
critical microscopic flow time (fy, gc') data (bottom panel) obtained in the ultrafil-
tration experiment [11] on a dilute polystyrene solution (sample M,, = 1.8 x 107 g/mol,
M /M, = 1.06 and corresponds to a 3600-segments Rouse chain). The simulation data
are those of a 200-bead Fraenkel + L chain (see Fig. 4). The (F, t) data have been
numerically transformed into (F*, 7*) in order to match with the (i, Q=) and (i, gc!)
data (see text). The lines are drawn to guide the eye.

diameter is 1.5¢. The “bead size” parameter ¢ can also be
considered as “blob size” and in the coarse-grained sense, the
simulation results reported here are equally valid when the chain
is considered to be “a string of blobs.” This explains the good
agreement between the (F*, t*) data from numerical simulation
with the experimental (f,, Q') and (f,, gc') data, as shown in
Fig. 10. The choice of the repulsive form of the L potential (Eq.
(2)) further justifies the absence of any attractive interaction
among the monomers. This negates a poor solvent condition.

4. Conclusions

There is an essential difference between the nanopore trans-
location and nanochannel translocation. In the nanopore trans-
location, the linear polymer is pulled through the nanopore so that
the monomer at the middle of the chain arrives at the nanopore.
The pulling force then ceases to act and the chain has the freedom
to translocate to the trans side, after attempting a few failed moves
to return to the cis side. This was incorporated as a memory effect
in the chain translocation, by Panja and Barkema [45]. Thus, the
scaling law of T ~ N***, for F=0; 1 is independent of F, for FN" < 1;
and 1 ~ N%JF, for FN' > > 1, where »=0.588 is not obeyed by the
nanotube translocation of the linear polymers considered here. On
the other hand, when the surface entropic exponent 1 is incorpo-
rated into the scaling law, as done by Milchev et al. [46], the scaling
law gets modified as t~N**1"Y{/F The observed nanotube
translocation data fit to the scaling relation 7 ~ NV/F*“, where v/
and u are two different exponents (»' = 0.674 and u = 0.95 & 0.05).
As the nanotube scaling law is closely similar to the nanopore
scaling law of Milchev et al. [46], we call the ¥’ parameter as the
quasi-Flory exponent. The physical significance of the surface
entropic exponent (vyq) is that it accommodates the loss of
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configurational entropy [49] due to the close proximity of the
chain with the nanotube interior (considered to be a solid cylin-
drical wall with reflective characteristics; see Section 2 and the
Appendix). In the present work, the monomer—nanotube inter-
actions are modeled as repulsive. This has been implemented in
such a way that, in the event of a collision between a monomer and
the nanotube interior, the Langevin position of the monomer gets
reflected into the nanotube. Due to such collisions, the chain
conformation gets changed during its motion under the applied
tensional force. In the case of attractive polymer—nanopore inter-
actions (the monomers getting momentarily adsorbed at the
nanopore), the translocation time (t) of the chain depends on the
strength of the interaction and 7 has a non-monotonic dependence
on this strength [50].

The entry into and escape from the nanotube confinement of
the polymer chain have been exhibited by the time traces of its
physical properties. (1) The square of the end-to-end distance, R
and its x-component, R2 reach a peak value at the instant the last
monomer leaves the nanotube. This has been seen in all the
thirteen pulling force values we have experimented on. For the
sake of clarity, we have shown only six of these in Fig. 6. We
observe the escape time characteristics in the time traces of R?
RZ since the pulling force acting on the first monomer is
a tensional force along the x-direction. It is quite natural that these
signatures are not seen in the Rf, and R? plots (Fig. 6). (2) The
escape time signatures are also evident from the axial radius of
gyration, Rg_x (Fig. 7), square of the x-component of the bond-
segment vector, (b2) (Fig. 8) and the elastic contribution of the
entropic free energy, Ee|3s (Fig. 9) plots. The axial radius of gyration,
Rg_x (along the x-direction of the nanotube) reaches a maximum
value (Fig. 7) concomitant with that of the square of the end-to-
end distance, R?. Since the radial radius of gyration, Rg_y, (along
the radial direction of the nanotube) is practically unaffected by
the tensional force along the x-direction, this does not show the
characteristic feature. (3) The x-component of the bond-segment
vector gets elongated with the application of the pulling force,
hence we see the characteristic escape time peak maximum in the
(b2) plots (Fig. 8). The <b?> plots do not show this, as the average
bond distance between the beads needs to be maintained around
the set value of bg = 1. This necessitates that the elongation in (b32)
must be compensated by a shortening in <b§> and (b2) (Fig. 8). The
unequal magnitudes of <b§> and (b?) have been attributed to the
fact that orientation anisotropy in the bond segments gets gener-
ated within the polymer chain, with the application of the
tensional force, and also due to confinement. Such bond-segment
orientation anisotropy was also observed while simulating the
Fraenkel chains under step strain [26]. (4) The elastic contribution
of the entropic free energy, Eej;s of the chain exhibits the charac-
teristic escape time peaks, since, Eejas has a direct dependence on
the square of the end-to-end distance, R? (Eq. (10)). The repulsive
contribution, Erp has a R3 dependence, and it increases to
twofold to threefold in magnitude from its initial value, within
a short time when the first monomer is pulled into the nanotube.
Erepi remains around this high value, till the first monomer reaches
the nanotube end (i.e., x; >15¢), and then starts to decrease. This is
attributed to the fact that the front part of the escaping chain gets
freedom from the nanotube confinement, and a large pulling force
makes this decrease in the Epep earlier in time. This has been
observed from the plots in Fig. 9, where Eyep takes the longest time
to decrease for the smallest pulling force F= 0.2 shown. After the
chain escape, this contribution decreases as the chain starts to
relax to its equilibrium conformation.

With respect to the ultrafiltration experiment, we are able to
quantify the force needed to drag the linear polymer out of the
nanotube by considering the variation of the length of the

chain, under the assumption that the chain behaves as a coil.
The reasonably well-matching of the (F*, t*) data from numer-
ical simulation with the experimental (fi,, Q=) and (fi, qc'!) data
of the dilute polystyrene solution above 6. (for the polystyrene
sample, My = 1.8 x 107 g/mol, My/Mj, = 1.06, <Rp> =100 nm) in
Fig. 10, justifies the acceptability of the simulations to mimic
the ultrafiltration experiment. The requirement that the mono-
mer size (or blob size) must be equal or smaller than the pore
size of the nanochannel, has been maintained in the simula-
tions. The excluded volume effect, important in dilute solutions
above the theta temperature, has also been an important
criterion in choosing the Fraenkel + 1] potential model to
describe the near-real chains. In the case of a blob chain, the
pore size needs to be increased. Alternatively, if the pore size is
kept approximately that of a monomer size, the chain needs to
uncoil first before passing through the nanochannel, which
naturally increases the time needed for uncoiling followed by
dragging out the chain.

It is worthwhile to explore the behavior of the Fraenkel + LJ
chains in a nanochannel like that in a-hemolycin, where the
channel dimensions are uneven (opening diameter 2.6 nm, fol-
lowed by an internal vestibule of diameter 3.6 nm, followed by
a narrow aperture of 1.5 nm and the end diameter of the pore is
2.2nm) [4,32]. Although it is quite challenging to formulate an
appropriate dynamics of the chain inside such an irregularly sha-
ped nanochannel, the pioneering report by Matthai and Loebl [51]
on DNA segments across an a-hemolycin channel highlights the
power of the Monte Carlo simulations to relate to the experimental
findings [1,52].

Acknowledgements

The authors thank the National Science Council (NSC), Taiwan
for financial assistance through Grant No. NSC98-2923-M-011-
002-MY2. The computations were performed at the National
Taiwan University of Science and Technology (NTUST), Taipei and
also at the National Centre for High Performance Computing
(NCHC), Hsinchu, Taiwan. We acknowledge both the service
providers for this generosity. We record our appreciation for the
assistance received from Mr. Bony in the preparation of Figs. 3 and
A.l. Finally we thank one of the reviewers for drawing our atten-
tion to Ref. [51].

Appendix

The position of each monomer of the polymer chain can be
calculated following the Langevin equation (Eq. (6)). The random
step vector dj(t) for the ith monomer in Eq. (6) may place the
monomer outside the nanotube, but the interior wall of the
nanotube must reflect the monomer into the tube. Hence in such
cases, we need to calculate the reflected position of the mono-
mer so that the chain undergoes translocation through the
nanotube for 0 <x; < 15¢. The illustrations in Fig. A.1 would be
helpful in working out the position coordinates of such
monomers.

Fig. A.1(a) considers the case of the first bead of the chain. Its
Langevin position is 1, characterized by (x1, ¥1, z1). The neighboring
bead 2 (x3, y2, z2) is inside the nanotube. Thus, bead 1 needs to be
reflected back into the inside, so that its real position is 1’
(x1.¥1.7;). The nanotube is located along the x-axis, with its base
centred at the origin (0, 0, 0). From simple geometric consider-
ations, we can write:
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Fig. A.1. Illustration of the nanotube—polymer chain collision (not to scale). (a) The
first monomer of the chain collides with the interior of the nanotube and its Langevin
position 1 is reflected into position 1’; (b) The tail monomer of the chain collides with
the interior of the nanotube and its Langevin position N is reflected into position N’; (c)
An interior bead of the chain gets reflected into the nanotube, its Langevin position i is
reflected into position i. M is the location of the midpoint of the beads (i — 1) and
(i + 1) (see text).

Xy = X1,
Yi=Y2—- 1 -y2) = (2y2 - 1), (A1)

Z, =2 — (71 -2) = 22— 7).

The transformation can be summarized by the following matrix
form:

X1
X, 10 0 00 0]
v, =10 -1 0 020 §1 (A2)
P 0 0 -1 00 2 2
1 Y2
22

The reflection of the tail monomer (bead no N) has been shown
in Fig. A.1(b). The Langevin position is N, characterized by (xn, yn,
zn). The neighboring bead is N — 1 with coordinates (Xy_1, YN_1,
zZN_1), is inside the nanotube. When this tail bead is reflected back
into the inside, its real position becomes N’ (x'n, ¥'n, Z/N). As

before, from plane geometry we have the following
transformation:

Xy = XN,

YN = YN-1— N —IN-1) = (VN1 —IN), (A3)

Zy = Zn-1— (v —2n-1) = (2Zn_1 — 2Zn)-

In the matrix form, the transformation is

XN-1
Xy 0001 0 O g’\’*l
yw|=10200 -1 0 Z; (A4)
' 0020 -1
N YN

Zn

The illustration of an interior bead i of the chain getting reflected
into the nanotube has been shown in Fig. A.1(c). In this case, the
position coordinates of the reflected bead i’ may be calculated in
terms of the coordinates of the midpoint M of the two neighboring
beads (i — 1) and (i + 1).

Thus we have

X;- = Xi,
Yi=Yu—i—ym) = @Qym—Yi) = Wii1 —Yi+VYiz1), (A5)
zi=zy—(zZi—2m) = Qam —2) = (21— Zi + Zi11),
where
X = 0.5(X;_1 +Xi11), Ym = 0.5(¥i_1 +Yir1),
zy = 0.5(zi 1 +2i11).
The corresponding matrix form of the transformation is
X,
Yi—1
. Zi1
X; 0001 O O OO0ODO X;
y}:OlOO—lOOlO Vi (A.6)
z;- 0010 O -1 001 Z;
Xit1
Yit1
L Zi+1 |
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