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The translocation of a polymer chain through a narrow hole in a rigid obstacle has been
studied by the static Monte Carlo simulations. A modified self-avoiding walk on a cubic lat-
tice has been used to model the polymer in an athermal solution. The entropy of the chain
before, in the course, and after the translocation process has been estimated by the statis-
tical counting method. The thermodynamic generalized forces governing the translocation
have been calculated. The influence of the system geometry on the entropic barrier land-
scape is discussed.
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1. Introduction

The passage of a macromolecule through a nanometer-
size pore is a fundamental event in various biological pro-
cesses including protein translocation across membranes
[1,2], gene transduction between bacteria [3] and the
introduction of viral DNA to the cytoplasm of bacterial cell
[4]. In addition to its biological relevance, this process is of
key importance in a growing number of applications, like
drug delivery [5], ultrarapid DNA sequencing [6], separa-
tion and purification of synthetic and biological polymers
[7,8], to name a few.

The polymer chain threading through a nanopore is a
complicated phenomenon. It has been extensively studied
both by theoretical and simulation methods. The threading
of the chain is usually induced by the external force. Sev-
eral effects have been considered as sources of driving
forces of the translocation process: the electrostatic inter-
action between charged macromolecules and the external
electric field [9–11], the gradient of the chemical potential
in the direction parallel to the nanopore axis [12,13], the
difference in the Flory–Huggins interaction parameters
. All rights reserved.

i).
between the solutions on both sides of a nanoporous mem-
brane [14], the entropic force arising from the spatial con-
finement imposed on the polymer chain [15–17], the
selective adsorption of polymer on one side of the mem-
brane [18–21], the curvature-induced difference of lipid
fluctuations between the two halves of the bilayer (in the
case of the translocation through a curved membrane)
[22], the ratchet mechanism [23], et cetera.

Threading a polymer through a narrow nanopore was
modelled by various methods. The translocation of the
polymer molecule through the nanopore placed in the
external field was studied via molecular dynamics method
[9,10], Brownian dynamics simulation [12,24], Langevine
dynamics simulation [25], dissipative particle dynamics
method [26] and others. The translocation problem was
also frequently addressed by different modifications of
2D and 3D dynamic Monte Carlo (MC) simulations
[18,22,27–34]. Results of different simulations allow for-
mulation of some conclusions concerning dynamic fea-
tures of translocation, i.e. the macromolecule velocity
[35,36], kinetic equations of the translocation process
[14], dependence of translocation time on the polymer
length [30,32,33], chain diffusion coefficient [22,36]. The
simulations indicated the presence of two different re-
gimes of translocation dynamics depending on the ratio
of the pore to polymer lengths as well as two different re-
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gimes for the probability of translocation depending on
the voltage applied [9]. Also, the influence of temperature
on the translocation time was extensively studied
[9,10,32]. The anomalous dynamics of translocation was
discussed by Kantor and Kardar [37]. Simulations of the
translocation through a nanopore in the absence of an
external driving force were performed by the 2D MC
method [25,28] for the system containing a chain initially
situated in the middle of the pore. The escape time re-
quired for the polymer to completely exit the pore was
studied. The MC simulations were also used for investiga-
tions of distribution of charged and neutral polymers with
different flexibilities between two spheres of varying vol-
ume, connected by a short and narrow cylinder [27]. Also,
the translocation in systems containing many macromole-
cules was considered [29].

An important quantity describing the chain transloca-
tion process is the height of the Helmholtz free energy bar-
rier which has to be overcome in the course of the
translocation. However, full understanding of the physical
backgrounds of the process needs the information about
details of the entire landscape of free energy [38].

The main objective of the paper was to estimate the ex-
cess free energy of the chain translocation at all steps of
the process and, as a consequence, to calculate the thermo-
dynamic generalized forces produced by the confining
environment of the chain in the course of the chain trans-
location. The information about these forces is of impor-
tance because it allows anticipation of the external forces
necessary to induce the translocation. Using the static
Monte Carlo (MC) method [39] and the statistical counting
(SC) method [40] we have studied a system of a single iso-
lated polymer chain restricted into geometrical constrains.
The chain was represented by the modified self-avoiding
walk ((1 1 2) SAW) [41], thus the model can be related to
the properties of a macromolecule in an athermal solution,
where the crucial quantity, fully determining the system
properties, is the conformational entropy. The method ap-
plied does not allow a direct study of the translocation
dynamics. Nevertheless, it can be employed for the compu-
tation of the conformational entropy at all steps of the
translocation and for numerical calculations of partial
derivatives of entropy with respect to distance and volume,
corresponding to the generalized thermodynamic forces –
the mechanical force and pressure.

In this study we calculated exact values of the free en-
ergy of the system governed only by excluded volume ef-
fects. Nevertheless, these values can be also interpreted
as the entopic components of free energy in more compli-
cated systems governed by strong interactions (e.g. elec-
trostatic potentials).
Fig. 1. Visualization of the (1 1 2) SAW on a 3D cubic lattice. Circles
denote lattice sites blocked by segments connected by bonds generated
by means of (1 1 2) algorithm.
2. Model

2.1. Chain translocating through a hole

In order to calculate the entropy of a linear polymer
chain in the course of translocation through a small hole
we applied the results of computation of the conforma-
tional entropy of the chain terminally attached to the
surface, in details described in [41]. Instead of the standard
SAW model, in which each segment links two nearest lat-
tice nodes [42], we used the algorithm, in which the seg-
ments of the chain were connected by vectors of the type
[±a, ±a, ±2a], [±a, ±2a, ±a] and [±2a, ±a, ±a] and the length
equal to

ffiffiffi
6
p

a. Further in the text, this algorithm is referred
to as the (1 1 2) motion. A fragment of the chain generated
by this algorithm is shown in Fig. 1. This generation meth-
od is similar to those applied for simulations of polypep-
tides, where (1 2 3) and (0 2 3) algorithms were used
[34,43], and gives the coordination number x equal to
24. Such a high value of x results in a very large flexibility
of the chains generated. Below, we present brief informa-
tion on the calculation method.

The entropies of attached chains were obtained by
means of the static Rosenbluth–Rosenbluth MC method
[39,42] on a 3D cubic lattice of a lattice constant a. The
simulations were performed in a box containing one linear
chain and obstacles of flat or curved surfaces. In most sim-
ulations, chains of 1000 segments were considered. Each
polymer segment occupied one lattice site. No interactions
were considered in the model except the excluded volume
of the polymer chains and the obstacles. In consequence,
the system modelled the athermal solution [44]. The con-
formational entropy of the SAW chain was calculated by
means of the SC method [40].

In the present paper, we assumed that the system con-
sisted of two parts represented by half-spaces or by spher-
ical donor of the radius R and recipients of different
geometries, as shown in Fig. 2. The donor and recipient
spaces were joined by a narrow hole in the separating wall.
The polymer thread was assumed to be in the course of the
translocation process through the hole. The hole size was
of one lattice site and the wall thickness around the hole
was of that of a layer of the lattice. Hence, the segment just
passing through the hole could not change its position in
the direction parallel to the wall and at any moment of
the translocation process the polymer chain could be con-
sidered as a system of two independent chains end-teth-
ered to opposite sides of the wall. Consequently, at a
certain moment of the process the conformational entropy
S of the whole translocating chain composed of N segments



Fig. 2. Schemes of three different geometries of systems for the study of
chain translocation: (a) a hollow sphere, (b) a spherical cavity cored in a
flat wall, (c) interconnected twin cavities.

Fig. 3. The dependence of DS on f for a chain of N = 1000 translocating
through a hole in a flat wall (simulation results – circles, results of Eq. (5)
– a grey line).
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can be obtained by the summation of the corresponding
entropies of its two sections:

S ¼ SðN1Þ þ SðN2Þ ¼ Sðð1� fÞNÞ þ SðfNÞ ð1Þ

where N1 and N2 denote the numbers of segments in the
chain sections being in the opposite sides of the hole and
f is the chain partition ratio used as the translocation coor-
dinate and defined as:

f ¼ N2

N1 þ N2
ð2Þ

The entropy change accompanying the chain transloca-
tion can be expressed as:

DS ¼ SðN1Þ þ SðN2Þ � SðNÞ ð3Þ

where S(N) corresponds to the entropy of the end-tethered
chain.

2.2. Chain located near the interface

The chain behaviour just before and soon after the trans-
location through the hole was investigated in the way sim-
ilar to that described in Section 2.1 with the difference
that instead of the chain attachment to the surface, two
other types of space constraints were applied. The first con-
straint applied corresponded to the deformation of the coil
forced by the vicinity of the surface. In these independent
simulations, the walk started at a lattice site located at a dis-
tance d from the surface. Another constraint modelled the
capturing of the whole chain into the spherical cavity of a ra-
dius R. In this case the generation of each chain started at a
lattice site randomly chosen from all sites located inside
the cavity. The chain propagation came under the same
(1 1 2) SAW rules as described in Section 2.1.

Each data set presented in the paper was calculated as an
average of results obtained from 105 chain conformations.

3. Results

3.1. Translocation through a hole in flat wall

The translocation of a polymer chain through a nano-
pore faces a large entropic barrier due to the loss of a great
number of available configurations. As mentioned above,
the conformational entropy of the chain can be calculated
as the sum of entropies of two independent chains end-
tethered to the opposite sides of the wall (Eq. (3)). Since
the difference between the conformational entropy of the
chain attached through its terminal segment to the flat
surface and that of a free chain can be expressed for rela-
tively short chains by the simple power law [41]:

DS
kB
¼ �H1

ffiffiffiffi
N
p

ð4Þ

with H1 equal to 0.650 ± 0.002, one can suppose that DS of
the chain passing through a hole in the flat wall can be ex-
pressed by the equation following from the power law (Eq.
(4)):

DS
kB
¼ �H2

ffiffiffiffi
N
p
ð
ffiffiffiffiffiffiffiffiffiffiffi
1� f

p
þ

ffiffiffi
f

p
� 1Þ ð5Þ

where the prefactor H2 obtained by the fitting procedure is
equal to 0.44 ± 0.01.

Eq. (5) gives the minimum value of the translocation
entropy at the translocation coordinate f equal to 1/2,
e.g. when N1 = N2. For f ? 0 or f ? 1, the chain tends to
the conformation perturbed only by the attachment of
the terminal segment to the interface and the entropy of
translocation reaches zero.

The results of simulations obtained for a chain of
N = 1000 together with the results of Eq. (5) are shown in
Fig. 3. As seen, there is a satisfactory agreement between
the simulation and the theoretical curves.

It is noteworthy that the prefactor in Eq. (5) is signifi-
cantly lower than that in Eq. (4), which is due to the
screening of the excluded volume effect of both parts of
the translocating chain by the wall.

Eq. (5) allows the calculation of the net force F acting
along the translocating chain. At a constant temperature
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T this force is equal to the derivative of the change in free
energy upon the translocation, DA, with respect to the
length x of the chain section which crossed the wall:
F ¼ @DA
@x

� �
T
¼ @const

@x

� �
T
� T

@DS
@x

� �
T
¼ �T

@DS
@x

� �
T

¼ � T
Nl

@DS
@f

� �
T

ð6Þ

Finally, the following relation between the force F, the
translocation coordinate f, and the number of segments
in the whole chain, N, can be obtained:
Fl
T
¼ � 1

N
@DS
@f

� �
T
¼ H2kB

2
ffiffiffiffi
N
p 1ffiffiffiffiffiffiffiffiffiffiffi

1� f
p � 1ffiffiffi

f
p

� �
ð7Þ

The dependence between F and f, determined on the
basis of the simulation results, is presented in Fig. 4. As
seen, the dependence crosses zero at f = 1/2. At this point
the segment currently filling the hole is pulled by two
chain sections of the same length, so the net force is equal
to zero.

Eq. (7) permits calculation of another interesting quan-
tity – the pulling force exerted by the terminal segment at-
tached to the surface. In order to calculate the force, let’s
consider the translocating chain at the end of the process,
that is a situation where all segments gather at one side of
the wall, except the end segment which fills-out the hole
and is assumed to represent the grafted segment. At the
junction point the chain pulls on the wall by the force
which can be found from Eq. (7) when f ? 0 or f ? 1. As
the translocation of polymer chain is a discrete process
let’s change the argument of the function from the parti-
Fig. 4. The dependence of F on f for N = 1000.
tion ratio f to the index i of the segment currently being
in the hole. Then, the pulling force reads:

Fatt ¼ lim
i!1

F ¼ lim
i!1

H1kBT

2l
ffiffiffiffi
N
p 1ffiffiffiffiffiffiffiffiffiffiffi

1� i
N

q � 1ffiffiffi
i
N

q
0
B@

1
CA

0
B@

1
CA

¼ �H1kBT
2l

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N � 1
p

� 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
N � 1
p

 !
� �H1kBT

2l
ð8Þ

Considering that all segments of the chain are gathered
at one side of the wall, the prefactor in Eq. (8) takes the
same value as in Eq. (4).
3.2. Escape from a spherical confinement

As mentioned in Section 1, the driving force for the
polymer translocation can be generated by various means.
It can be also produced, at least in part, by a spatial con-
finement of the polymer [16,19–21]. The confinement in-
duced reduction of the conformational entropy of the
polymer chain results in an excess free energy which
drives the escape of the polymer out of the confining space.

The excess free energy depends on the confinement de-
gree of polymer in both donor and recipient spaces. We
have calculated changes in the conformational entropy
during the chain escape and net forces acting along the
escaping chain for three different types of geometry of
the donor/recipient system presented in Fig. 2. Formally,
the conformational entropies of the whole translocating
chains were estimated by the summation of the entropies
of its two sections placed in donor and recipient spaces and
attached to the wall at the point corresponding to the hole.
The results of the calculations are presented in Figs. 5–8.

The influence of the system geometry on the conforma-
tional entropy of escaping chain is shown in Fig. 5 in the
form of S/Sfree = f(f) plots (Sfree stands for the entropy of
the free unperturbed chain). As expected, in every case a
somewhat different behaviour of the dependencies is ob-
served. The smaller the radius of donor space, the more
pronounced the differences. The common feature of the
dependencies is the appearance of a minimum (except
for very small sphere radii in the case of twin cavities,
where the courses of the plots are more complicated),
which indicates that the chain escape requires the over-
coming of an entropy barrier.

Let us introduce an additional quantity – the relative
height of the entropy barrier, defined as: DSR = Smin–Satt

(where Smin denotes the entropy minimum of a chain,
achieved in the course of the translocation through the
hole, whereas Satt is the entropy of the chain terminally at-
tached to the inner surface of the donor sphere). As seen in
Fig. 6, the height of the barrier initially increases with the
increase in the donor sphere radius; then it tends to the va-
lue characteristic of the translocation through the flat wall.
The height of the barrier at small R values is governed by
the compression of the chain in the cavity and depends
only slightly on the system geometry. This indicates that
the low entropy of the macromolecule confined in the do-
nor cavity is the main factor promoting the translocation.
Moreover, the results presented in Fig. 6 allow formulation



Fig. 5. The influence of the system geometry on the conformational entropy of translocating chain (N = 1000) shown in the form of dependencies between
S/Sfree and f for different curvature radii of donor cavity (as indicated in figure): (a) the escape outside a hollow sphere, (b) the escape outside a spherical
cavity cored in a flat wall, (c) the escape into another spherical cavity of the same size.

Fig. 6. The effect of the size of the hollow sphere (R) on the relative height
of the entropic barrier (N = 1000, letters A, B and C indicate the
corresponding system geometries, presented in Fig. 2).

Fig. 7. The effect of the size of the donor sphere on the chain partition
ratio at which the net force acting on the chain reaches zero (N = 1000,
letters A, B and C indicate the corresponding system geometries,
presented in Fig. 2).
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of the following power correlation between DSR and R, va-
lid for small R:



Fig. 8. The influence of the system geometry on the net force acting along the escaping chain (N = 1000) shown in the form of dependencies between F and f
for different curvature radii of donor cavity (all the rest is the same as in Fig. 5).
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DSR �
R
l

� �b

ð9Þ

where b is equal to 1.00 ± 0.04 for geometries A and B and
to 1.50 ± 0.03 for geometry C. The higher initial slope of the
curve obtained for geometry C is a consequence of a fact
that the chain translocation from the donor to the recipient
sphere causes a decrease in the entropy not only as a result
of the imprisonment of the chain in the hole but also as a
consequence of the compression of the part of the chain
in the recipient sphere.

Fig. 7 shows the relations between the f values corre-
sponding to the minima on the S–f curves given in Fig. 5
and the donor cavity radii. As seen, for geometries denoted
as A and B the character of the dependencies is similar; with
increasing R, the position of the minimum increases gradu-
ally to f = 1/2, which is the value corresponding to a situa-
tion where the donor space is the half-space. However, for
geometry A (a hollow sphere) the increase is faster.

The S–f curves for twin spheres (geometry C, Fig. 5c) are
symmetrical with respect to n = 1/2. For relatively large
spheres, where location of the whole chain in the cavity
causes negligible small compression, the value of f = 1/2
corresponds to the entropy minimum as in the case of
the flat wall (compare Fig. 3). However, below a certain
critical value of R two symmetrical minima appear (see
Fig. 7) as a consequence of the fact that the DS of the com-
pression of the chain in the single cavity is comparable
with the entropy loss caused by the location of the central
segment of the chain in the hole (f = 1/2). This implies that
the escape of the chain from one sphere into another re-
quires the overcoming of two entropy barriers (two entro-
py minima), at which the system reaches the metastable
state. The minima positions tend to f = 0 and f = 1 with
the decreasing R. The barrier initially present at f = 1/2
vanishes since the entropy minimum converts into maxi-
mum (see Fig. 5c).

Curves in Fig. 8 illustrate the changes in net force F act-
ing along the chain during the process of the chain escap-
ing. Analysis of these curves indicates that the initiation of
the process requires the occurrence of a fluctuation (or an
additional force) large enough to shift the chain into a po-
sition (described by the separation ratio) where F 6 0, then
the rest of the process will proceed spontaneously. For
geometries A and B, the f value for which F reaches zero in-
creases with decreasing R. It means that the smaller the
donor radius, the shorter the chain section which has to
pass through the hole for the spontaneous escape to be ini-
tiated and the more likely that a fluctuation sufficient for
the process initiation may happen.

In the case of chain transfer between twin spheres, the
force reaches zero at f = 1/2 for all R values (curves in
Fig. 8c have an anti-symmetrical character). For relatively
large spheres, an abscissa of anti-symmetrical centre
(f = 1/2) indicates the partition ratio of metastable config-
uration of the chain, whereas for small spheres it points
to a stable situation (as there is the symmetrical entropy
maximum in Fig. 5c). In the latter case two metastable con-
figurations are also possible, determined by the f values
corresponding to the entropy minima in Fig. 5c.

3.3. Deformation due to approach to a surface

The results presented in Sections 3.1 and 3.2 concern
only a certain stage of the chain translocation process, that
is the transition from the situation in which the first seg-



118 W. Nowicki et al. / European Polymer Journal 46 (2010) 112–122
ment is in a hole to the situation in which the last segment
is there. However, the approaching of the terminal seg-
ment to the hole, as well as the reverse process, that is
the withdrawing of the last segment from the hole and
moving away of the whole macromolecule far from the
wall, also involve a change in the conformational entropy
of the polymer.

Upon approaching the wall, the polymer coil undergoes
a gradual deformation as compared with its conformation
in the absence of the wall. The free polymer coil can be
characterized by its linear dimensions: the average radius
of gyration, RG, the end-to-end distance, RH, the average
separation of two the most distant segments (2RE) and
the average distance between the coil mass centre and
the chain end, Z. The relation between Z and the chain
length can be expressed as follows [45]:
Z ¼ 6�1=4lNv ð10Þ

In Fig. 9 the coil is schematically represented as an ellip-
soid whose dimensions correspond to 2RE. The mean ra-
dius of the dark part of the ellipsoid is equal to RG,
whereas the dashed line marks the most probable value
of Z. The elimination of a number of possible coil confor-
mations in the vicinity of wall can be considered as a cut-
ting-off of a part of coil peripheries. Thus, the attachment
of the terminal segment to the wall can be considered as
the approach of wall to the average position of this seg-
ment in the coil, as it is schematically presented in Fig. 9.
The same figure also illustrates the influence of the surface
curvature on the extent of the chain entropy loss induced
by the approach of the wall. Moreover, the effect of a tem-
porary anisotropy of the coil, associated with the change in
the direction of the end-to-end vector, on this entropy loss
can be also seen from Fig. 9.

The entropy penalty accompanying the approach of the
end segment to the flat wall was calculated in independent
simulations, in which the walk started at a lattice site lo-
cated at a distance d from the surface of the wall. The sim-
ulation results obtained for N = 1000 are shown in Fig. 10a,
in which the relative conformational entropy of polymer
coil versus d is plotted. As seen, with the reduction of the
distance d, the gradual decrease in the chain conforma-
tional entropy, from the value corresponding to unper-
turbed coil (Sfree) to that of terminally attached chain
(Satt), occurs. The influence of the chain length on the en-
Fig. 9. Ellipsoids representing a polymer coil (see the text for details) and
surfaces of different curvatures approaching the average position of end
segment in the coil (R =1 (a); R < 0 (b); R > 0 (c)).
tropy reduction is presented in Fig. 10b, where the ratio
(S–Satt)/(Sfree–Satt) is plotted versus d for three different N
values. The smaller N, the steeper the curve. This means
that when the chain length increases the distance at which
the coil perturbation starts to occur also increases or – in
other words – at the same value of d the longer the chain,
the larger the entropy reduction.

On the basis of the S = f(d) relationship the entropic
force F, which arises upon the coil deformation and coun-
teracts its approach to the wall, was calculated from Eq.
(6) for x = d. The resulting dependencies F = f(d) obtained
for chains of different N differ from each other. However,
the shape of the dependencies of F on the relative distance
d/Rg (or on d/N3/5 as in the case of the athermal solution
Rg � N3/5) is independent of the chain length, as seen in
Fig. 11. In the range of small d values (d < RG) the relation-
ship is almost linear and thus it can be expressed by a lin-
ear equation:

F ¼ Fatt þ
Bd

N3=5 ð11Þ

where B is a constant and Fatt is the force exerted by the
chain terminally attached to the surface equivalent to that
expressed by Eq. (8).

The force Fatt pulls the surface because the escape of the
chain from the vicinity of the surface enhances its confor-
mational entropy. Since the surface area on which the pull-
ing force acts is a2, the pressure exerted by the chain on the
wall can be found from the equation:

p ¼ Fatt

a2 ð12Þ

As follows from Fig. 11 as well as from Eqs. 8 and 12,
both the force Fatt and the pressure p exerted by the chain
in the athermal solution are independent of the segment
number in the chain, similarly as in the case of the Gauss-
ian chain [5].

As illustrated in Fig. 12a, due to force balance, the neg-
ative pressure p exerted by the terminal segment is accom-
panied by another positive pressure exerted by the rest of
the polymer chain on the wall. In the case of elastic surface
(like a biological membrane) the pressure exerted by the
macromolecule deforms the surface [46–49]. Bickel et al.
[46] calculated the deformation profile for a fluid surface
and found that close to the attachment point this profile
assumes a cone-like shape, as illustrated in Fig. 12b.

3.4. Deformation due to insertion into spherical cavity

In small cavities the inserted coil can be compressed as
compared with its size in the unperturbed state. This com-
pression involves the entropy reduction which produces
the entropic pressure exerted by the coil onto the inner
surface of the cavity.

In order to consider the effect of coil compression sep-
arately, we have generated chains of different N captured
inside a sphere of radius R. Each generation started at a
point chosen at random inside the sphere. One can expect
that the decrease in the cavity radius below the value cor-
responding to the average radius RE of the unperturbed coil
will cause a gradual decrease in the chain conformational



Fig. 10. The influence of d on the relative entropy S/Sfree of a chain of N = 1000 (a), and on the (S–Satt)/(Sfree–Satt) ratio for different N values (as indicated in
figure) (b). The horizontal line corresponds to the entropy of unperturbed coil; d is the distance of the terminal segment from the flat wall.

Fig. 11. The dependence of the entropic force opposing the approach of a
polymer coil to the flat wall on the relative distance d/N3/5 for different
chains lengths.

Fig. 12. Entropic forces exerted by an end-grafted chain on a rigid planar
wall (a) and the deformation of an elastic surface induced by an end-
attached chain (b).
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entropy. As expected, the S–R curves obtained for different
N and presented in Fig. 13 show that the longer the chain,
the greater the entropy loss. The dependence of the entro-
pic pressure on the cavity volume for three different chain
lengths is depicted in Fig. 14. The isotherms obtained
resemble those of gases and can be expressed by the equa-
tion similar to the state equation of the gas of hard
spheres:
pðV � Na3Þ4=3 � N ð13Þ

Eq. (13) predicts that for cavity volumes large relative to
the excluded volume of the chain, the pressure exerted by
the coil scales with the gyration radius of the unperturbed
coil and the cavity radius as:
p � R1=v
G

R4 ð14Þ
where v is the Flory’s exponent.



Fig. 14. Pressure exerted on an inner wall of spherical cavity by a
confined polymer coil as a function of cavity volume V for different N
values (as indicated in figure).
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3.5. Entire entropy profile

As discussed above, the threading of the polymer chain
through a hole in a wall is preceded by the chain approach
to and followed by the chain departure from the wall. For
the case of a flat wall, the entropy profile of the entire pro-
cess is presented in Fig. 15, where the values of S/Sfree are
plotted against the chain position relative to the wall. For
illustrative purposes, a new parameter z = f–1 is intro-
duced. Let us notice that z = 0 corresponds to the situation
when the chain is half way through the hole, |z| = 1/2
determines the chain with its end segment in the hole
and thus |z| > 1/2 means that there are no segments being
in direct contact with the wall, however only for |z| > 3/2
the confining effect of the wall vanishes. As results from
Fig. 15, the entropy loss accompanying the approach of
the end segment to the wall exceeds by about four times
the entropy loss due to the threading of the chain through
the hole.

Fig. 16 gives the entire entropy profiles for the chain
transfer from spherical cavities of different volumes into
the half-space (R ?1). The profile shapes are not sym-
metrical with respect to the position of the maximum,
which is a consequence of two effects: the curvature
dependent entropy reduction caused by the approach of
the terminal segment to the hole and the entropy loss
due to the chain compression in the cavity. The smaller
the cavity volume, the lower the entropy barrier needed
to be overcome during the chain translocation and the lar-
ger the entropy gain associated with the entire process of
the chain transfer from one space to another.

In the case of other geometries represented in Fig. 2 the
entire profile of the chain entropy can be easily obtained
Fig. 13. The influence of sphere radius on the relative entropy of
compressed chain, S/Sfree, for different N values (as indicated in figure).

Fig. 15. The relative entropy profile for the entire process of chain
transportation through a small hole in a flat wall from its one side to
another (i.e. including the approach to, threading and departure from the
wall), N = 1000.
by combining suitable fragments of S = f(z) dependencies
in a way similar to that applied in the construction of Figs.
15 and 16.



Fig. 16. Relative entropy profiles for the entire process of chain transfer
from spherical cavities of different radii (as indicated in figure) into the
half-space, N = 1000.
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A comparison of quantitative dependencies of the con-
formational entropy on the translocation coordinate pre-
sented in Figs. 15 and 16 with the schematic predictions
of the entire S = f(z) relationship [30] shows the agreement
of both data sets. Although the curve shapes are slightly
different, they exhibit relatively high entropies at equilib-
rium states before and after the escape (SI, SIII) and the
minimum (SII) between them. The difference SI � SIII is a
measure of the difference between equilibrium or meta-
equilibrium chemical potentials of polymers located at
the donor or recipient space.

The thermodynamic description of the translocation
(Figs. 3 and 5) also agrees with those obtained by the theo-
retical [23,35,50,51] and simulation (the MC method [31],
the PERM method [21]) calculations of the free energy of
the system as well as with the probabilities of steps of the
translocation [52,53]. It seems that the differences between
the results published in different papers are only conse-
quences of different model properties (the inclusion of the
excluded volume effect, different coordination numbers
etc.). However, the results presented in [21,23,31,35,50–53]
do not cover the whole S = f(z) dependence. They are limited
only to the pure translocation process in which the polymer
chain is in contact with the hole and do not refer to the ap-
proach and retreat of polymer to/from the hole. As a conse-
quence of the unified coordinate system of the translocation
and approach/retreat processes, the model presented here
allows us to obtain the entire entropy profile (Figs. 15 and
16).

In is noticeable that our calculations were performed
for the reversible process, which is manifested by the fact
that the conformational entropies take the maximum val-
ues at each step of the translocation. This assumption is ex-
act only for the initial and final step of the translocation.
For the fast translocation driven by the strong external
force this assumption may fail, since the parts of the chain
in the donor and recipient space do not have to reach the
equilibrium state [54–58]. In such a case the entropy min-
imum should be even deeper than those observed in Figs.
15 and 16.
4. Concluding remarks

The conformation of a linear flexible polymer molecule
in the course of the translocation through the hole in the
impenetrable interfaces of different curvatures has been
studied. The study addresses the problem in the athermal
limit, in which only excluded volume interactions are con-
sidered. The polymer chain was modelled as a self-avoid-
ing walk (SAW) on a cubic lattice. The segment positions
in the lattice were chosen by the (1 1 2) algorithm which
facilitates the location of chains in very tight environment.
The equation of state of a macromolecule confined in a
small cavity was proposed. The force necessary for
approaching the polymer coil to the surface and the force
exerted by the chain attached to the surface were deter-
mined and discussed. The entropy changes accompanying
the translocation of the polymer molecule through a small
hole in a number of systems of different geometries were
calculated, and the equations describing the chain entropy
and the thermodynamic force acting along the chain dur-
ing the translocation were formulated. It was found that
the height of the entropy barrier, which the translocating
chain has to overcome, is comparable in size with that
opposing the approach of the terminal segment of the
chain to the interface. The height of the barrier can be re-
duced by an entropic pressure which arises when a macro-
molecule is confined in a cavity.
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