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We present a molecular dynamics study on the stretching of a linear polymer chain that is adsorbed
at the junction of two intersecting flat surfaces of varying alignments. We observe a transition from
a two-dimensional to one-dimensional (1D) structure of the adsorbed polymer when the alignment,
i.e., the angle between the two surfaces that form a groove, 6, is below 135°. We show that the radius
of gyration of the polymer chain R, scales as R, ~ N 3/4 with the degree of polymerization N for
0 = 180° (planer substrate), and the scaling changes to R, ~ N 10 for & < 135° in good solvents.
At the crossover point, 8 = 135°, the exponent becomes 1.15. The 1D stretching of the polymer
chain is found to be 84% of its contour length for & < 90°. The center of mass diffusion coefficient
D decreases sharply with 6. However, the diffusion coefficient scales with N as D ~ N —1 and is
independent of 6. The relaxation time 7, for the diffusive motion, scales as 7 ~ N 25 for § = 180°
(planar substrate), which changes to 7 ~ N30 for # < 90°. At the crossover point, the exponent is
3.4, which is slightly higher than the 1D value of 3.0. Further, a signature of reptation-like dynamics
of the polymer chain is observed at the junction for & < 90° due to its strong 1D localization and

stretching. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878499]

. INTRODUCTION

Polymer-surface interfaces are researched with great in-
terest owing to their importance in micro/nanofluidic devices,
coating, adhesion, wetting, single molecule characterization,
DNA sequencing, protein structure analysis, and several bio-
physical processes."*> A polymer chain at a solid interface re-
duces its conformational entropy due to the presence of an
impenetrable surface and gains enthalpy due to the bond-
ing with the surface. This causes profound structural and
dynamical changes to the polymer with respect to its bulk
state.> However, solid surfaces can be designed to control
the structure and dynamics of macromolecules. For exam-
ple, a nano-patterned surface,* an entropic trap,5 a ratchet
slit,® and an orthogonal surface’ enhance the fractionation of
DNA and other macromolecules compared to a smooth sur-
face. A polymer chain in such constrained geometries ex-
periences anomalous diffusion, entropic trapping, loop-train
conformation, adsorption-desorption, and reptation, etc.>%1°
Further, a recent experiment shows that DNA molecules can
be remarkably stretched along a particular direction on a lipid
membrane supported on a grooved, one-dimensional (1D) pe-
riodic micro-structured surface.!' On the other hand, two-
dimensional (2D) conformation of DNA is observed on a
lipid membrane supported on a flat surface.'®'? Such an un-
expected impact of the grooved or archetypical substrate is
noteworthy and can be used to unfold DNA molecules in an
open environment, giving insight into previously inaccessible
states when in their natural three-dimensional (3D) environ-
ment. The unfolding of macromolecules plays an important
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role for their characterization, sequencing, and understand-
ing their intermolecular interactions.!*> DNA molecules are
also found to stretch in an open-channel, and approach their
full contour length as the width of the channel decreases.'*
Further, efficient electrophoresis of DNA molecules across
an orthogonal surface of a microchannel has been observed.’
The structure of a DNA molecule on such narrow geometries,
which are essentially a junction of two flat surfaces, appears to
be 1D. The aim of the present work is to understand the struc-
ture and dynamics of a polymer at a junction where two flat
surfaces intersect and form a groove. Using molecular dynam-
ics (MD) simulations of a generic model system, we study the
change in the radius of gyration (R,), diffusion coefficient (D),
and the relaxation time (t) of polymer chains at the junction
when the angle between the two surfaces changes. We further
analyze the stretching of a linear polymer chain under such
confinements.

The scaling relations between R,, D, and 7 of a poly-
mer chain with its size at the junction of two surfaces are of
added interest. Under constrained geometries such as cylin-
drical, spherical, parabolic, and slit-like pore, R,, D, and T of
a polymer chain follow power law scaling with its length (V)
and width of the confinement.!>'® However, the scaling rela-
tions at the junction of two surfaces are not well understood.
As expected for a self-avoiding walk, R, ~ N7, where the ex-
ponent is related to the dimension of the polymer d as y = 3/
(d 4 2) for good solvent conditions.!” Therefore, R, of an ad-
sorbed polymer chain on a flat surface scales as R, ~ N*/4, as
its conformation becomes 2D on the surface.'® Similarly, the
scaling relation for the 1D structure is R, ~ N 1019 However,
it is not clear how the scaling relations change as the confor-
mation of a polymer is forced from 2D to 1D, such as the case
of the present study.

© 2014 AIP Publishing LLC
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Further, the geometric constrains imposed on a polymer
molecule, induce significant changes in its dynamics.> The
surface diffusion and relaxation are influenced by the topo-
logical details of surfaces.”!%20-2! The diffusion coefficient
on a flat substrate is found to scale as D ~ N0 18.22 while
on a corrugated surface, it is found to scale as D ~ N~!318
In spite of the strong diffusion scaling on the corrugated
surface, the authors of that study did not observe any rep-
tation behavior. On the contrary, polyethylene glycol (PEG)
adsorbed from an aqueous solution onto a monolayer of
self-assembled octadecyltriethoxysilane coated onto a fused
silica surface is found to reptate with D ~ N~ .20:23 The
reptation of polymers in 2D is also observed with D ~ N1
when obstacles are present in the medium.?* In Rouse dynam-
ics, the relaxation time scales as t ~ N!72¥ 2526 Because
T ~ RZ/D, the scaling D ~ N~'¥ is expected for the Rouse
dynamics. Therefore, the unexpected scaling is argued to be
caused by the roughness of surfaces.>>* Similarly, a polymer
chain inside a cylinder stretches along the axis of the cylinder,
and diffuses axially (1D) with D ~ N0 and D ~ N~19
for smooth and corrugated surfaces, respectively.?’ This
common observation strongly suggests that imposed topo-
logical constraints affect the dynamical scaling of a polymer,
irrespective of its dimensionality. Here, we investigate the
effects of topological constraints on scaling relations of a
polymer chain as it transitions from 2D to 1D structure at
the junction of two flat surfaces. To model such a junction or
grooved substrate, we take two flat surfaces and place them
at different alignments. The angle between the two surfaces,
0, is considered as the measure of alignment. The scaling
relations are derived for four alignments, namely, 45°, 90°,
135°, and 180° (planar substrate).

The aim of the present study is to understand the useful-
ness of angular confinement in stretching a macromolecule,
and derive scaling relations for its R,, D, and 7 with size,
at the junction of two surfaces. The rest of this paper is orga-
nized as follows. The model of the polymer chain and surface,
along with the simulation method used, is described in Sec. II.
In Sec. III, we present the results and discussion, followed by
conclusions in Sec. IV.

Il. MODEL AND METHODS

We use a coarse-grained model that has been success-
ful in reproducing generic features of many experimental
findings.> %2 In this generic model, a polymer is represented
by a chain of beads that interact via the Lennard-Jones (LJ)
potential,

V(r) = 4e [(3)12 - (2)6} — V(o). 1)

where ¢ and o are the characteristic energy and length scales,
respectively. The results are presented in terms of ¢, o, and m,
where m is the mass of a bead. The cut-off distances, r., for
good and poor solvents, are 2//°¢ and 2 x 2¢, respectively.
In addition, any two adjacent beads in a polymer chain are
connected by a finitely extensible non-linear elastic (FENE)
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potential,?®
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Here, k = 30e0~2 and Ry = 1.50. The choice of these pa-
rameters prevents the crossing of any bonds in a chain. The
surface is modeled as the (111) plane of an fcc lattice. Sur-
face atoms are placed at lattice sites with neighbor distance of
lo. As mentioned earlier, each confined substrate consists of
two flat surfaces whose geometries are square, and the linear
dimension is at least twice the length of a fully stretched poly-
mer chain. An attractive surface-polymer interaction is chosen
to model strong adsorption of the polymer chains. Polymer
beads and surface atoms interact with the same potential as
that of polymer beads interacting with each other in poor sol-
vent conditions. The surface atoms have been frozen to ensure
a static free energy barrier.?’

Equations of motion are integrated using the velocity-
Verlet algorithm®® with a time step of 0.005t,, where 7,
= o+/m/e is the unit of time. All the simulations are per-
formed at a temperature 7 = 1.0e/kp, imposed using a
Langevin thermostat, with coupling constant y = 0.1z, L 1o
Here, kg is the Boltzmann constant. The initial configurations
are equilibrated for 108 steps, followed by a production cycle
of 10% steps. We ensure that the polymer chain has moved a
distance several times of its own size during equilibration. All
the simulations are carried out using the LAMMPS software
package.®!

lll. RESULTS AND DISCUSSION

In Fig. 1, we show the conformations of a chain of 100
beads at the junction of two surfaces with different align-
ments. When the angle between the two surfaces is 6 = 180°,
i.e., a planer substrate, the conformation of an adsorbed chain
is 2D. However, for 8 < 180°, it tends to localize along the
line of intersection between the two surfaces. The size of the
polymer chain in different directions can be quantified by its
radius of gyration:

1 N
(RE) = D_((Ri = Rew)?). 3)
i=1

45° confinement

90°confinement

180°confinement
(planar substrate)

135°confinement

FIG. 1. The conformations of a chain of 100 beads at the junction of two
intersecting flat surfaces of varying alignments in good solvents. Substrates
are shown smooth for clarity.
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FIG. 2. The three components of the radius of gyration R, of a polymer
as a function of alignment, 6. Panels (a) and (b) correspond to N = 10
and N = 100, respectively, for good solvent conditions. Error bars are smaller
than symbol sizes. Symbols are calculated values, and lines are to guide eyes.

Here, Rcyy is the position co-ordinate of the center of mass of
a chain of N beads, and R; is the position co-ordinate of the
ith bead. Figs. 2(a) and 2(b) represent the three components
of R, i.e., Rgx, Rgy, and Ry, for N = 10 and N = 100, re-
spectively, for good solvent conditions. We use the Cartesian
co-ordinate system with x-axis along the line of intersection
of the two surfaces. The other two mutually orthogonal axes,
i.e., y- and z-axis, are perpendicular to the x-axis, as shown
in Fig. 1. At 6 = 180°, R,, and Ry, are of equal magnitude
and remain almost unchanged until 8 = 135°, for the case of
N = 10, as shown in Fig. 2(a). However, R,, diminishes as 0
decreases further and the only significant component is R, for
0 < 135°. This is clearly evident for 6 = 90° and 6 = 45°,
where R, and R,, become smaller than 1o . Therefore, the ra-
dius of gyration of a polymer chain along the line of intersec-
tion, R,,, is significantly higher than that in other directions,
leading to its 1D conformation. This indicates a single file mo-
tion of the polymer. Furthermore, R,, is significantly higher
for 6 < 90° compared to that seen for & = 180°. This implies
a significant stretching of the polymer chain along the x-axis,
as the angle between the two surfaces decreases. For N = 100,
as shown in Fig. 2(b), the R,, and R,, are of equal magnitude
for & = 180°, as expected for a planar substrate. However, R,
and R, become insignificant in comparison to R,, at 8 = 150°
and Ry, is the only significant component when 6 < 150°.
Thus, a localization transition takes place at 8 = 150°: above
this, the polymer chain retains a 2D conformation, while be-
low this it is trapped within the groove of the substrate in a
1D conformation along the x-axis. We find, for example, Ry,
= 7.64 £ 0.03 for 6 = 180°, and R,, = 23.66 & 0.07 for 0
= 45°, in the case of a 100 bead chain. This is more than a
100% increase in size of the polymer chain in such a narrow
confinement. Because the significant component of the radius
of gyration of a polymer chain is R, for & < 135°, we only
consider Rg, for further investigation. Similarly, Rg, and R,
are the significant components of the radius of gyration of a
VR R
for further analysis in the planer substrate case. To this end,
we drop the suffixes of R,, which represent directions.

The strong localization of a polymer chain at the junc-
tion can be realized by its strong adsorption energy as shown

polymer for = 180°, hence we consider R, =

J. Chem. Phys. 140, 204909 (2014)
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FIG. 3. The binding energy of a chain per bead on a substrate as a function
of alignment for good solvent conditions. The symbols circle and square rep-
resent values for N = 10 and N = 100, respectively. Lines serve as a guide to
eyes. Error bars are smaller than symbol sizes.

in Fig. 3. Here, the adsorption energy is defined as the pair-
interaction energy between a substrate and a polymer chain,
which is shown for two cases: N = 10 and N = 100. It repre-
sents the adsorption energy per bead, E, as a function of 6 for
good solvent conditions. E is lowest at & = 45°. It increases
as 0 increases, and plateaus at & = 135° for N = 10. However
for N = 100, E plateaus at & = 175°. E is slightly higher for
N = 10 than that for N = 100 when 6 > 90° and, as is evi-
dent from the figure, the difference between E for N = 10 and
N =100 is maximum at 6 ~ 135°.

Next, we look at the scaling relation of R, with N, on
the substrates. Figs. 4(a) and 4(b) represent R, as a func-
tion of N for good and poor solvent conditions, respectively,
for different alignments. At & = 180°, we find R, ~ N7,
but stronger scaling is observed for 6 < 180°, as shown in
Fig. 4(a), for good solvent conditions. For 6 = 90° and 6
= 45°, the exponent becomes 1.0. At the crossover point,
6 = 135°, the exponent increases to 1.15. The higher expo-
nent indicates that structural differences between two polymer
chains of different lengths are highest at & = 135°. This is in
agreement with the adsorption energy difference between the
chains, which displays a maximum at § = 135°, as shown in
Fig. 3. For poor solvent conditions (Fig. 4(b)), a weaker

Iog(Rg)

1.00 1.25 1.50IO 1.75 2.00

g(N)

FIG. 4. The radius of gyration R; of a polymer chain as a function of its
length N. For 180° alignment, i.e., flat substrate, R, is in-plane radius of gy-
ration, and all other cases, Ry is axial radius of gyration along x-axis. Panels
(a) and (b) represent data for good and poor solvent conditions, respectively.
Error bars are smaller than symbol sizes.
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FIG. 5. The stretching of a polymer chain S, which is the ratio of its end-to-
end distance to its contour length, is shown as a function of the alignment 6.
Error bars are smaller than symbol sizes. Lines are to guide eyes.

scaling is observed, with exponents 0.5 for 6 = 180° and 0.8
for & = 135°. With a further decrease in 6, however, the expo-
nent becomes 1.0, similar to that for good solvent conditions.
This indicates the dominance of a groove-like substrate, when
6 < 90°, on the conformation of a polymer chain, which re-
mains uninfluenced by solvent conditions. The stretching S of
a polymer chain in such confinements can be measured as

Here, X and L are the end-to-end distance and contour length
of a polymer chain, respectively.'* Fig. 5 shows stretching as a
function of alignment for four chain lengths in good solvents.
Stretching is lowest at & = 180°, i.e., on a planer substrate.
Stretching increases as alignments decrease, and plateaus at 6
= 90°, beyond which stretching is insignificant. A maximum
of around 84% stretching is observed at 6 = 90° and 45°.

We now focus on the diffusion of a polymer chain at the
junction of the two surfaces. The diffusion coefficient of the
center of mass of a polymer chain is calculated from the mean
square displacement (MSD) curve,

g(®) = ([Rem(t) — Rem(0))?). S

The diffusion coefficient D is related to g(#), showing a linear
dependence with time as 2dD = lim;_, »,dg()/dt, where the di-
mensionality d = 2 for & = 180°, and d = 1 for all other cases.
For all chain lengths, D is calculated in the diffusive regime of
g(#), similar to our recent work.>> We plot log (D) vs. log (N)
for all the cases, in Figs. 6(a) and 6(b), for good and poor sol-
vent conditions, respectively. As 6 decreases from 180°, the
diffusion coefficient decreases. The dynamics is significant in
the x- and y-directions for 6 = 180°. However, it is only sig-
nificant in the x-direction for & < 135°. Hence, we calculate
2D diffusion coefficients for & = 180°, and 1D diffusion co-
efficients for all other cases. The lowest diffusion is seen for
the case of & = 45°, where maximum stretching is observed.
In all the cases, the diffusion coefficient scales as D ~ N~!,
except for & = 135°, in poor solvents, where the exponent is
slightly higher at 1.11. Our findings on the planer substrate are
in agreement with that estimated from previous experiments'”
and simulations.'® The scaling relation for the 1D structures
is similar to that inside a nanotube.?” In spite of a weak diffu-
sion scaling, we see a caterpillar-like motion of the chain for
0 < 90°, along the x-axis.

As the degree of confinement increases, we observe a
significant change in the structure of a polymer chain, cou-

J. Chem. Phys. 140, 204909 (2014)

0=180"
0=135"
0=90°
0=45°

(a)

<4 m e >

log(D)

1.00 1.25 1.50 1.75 2.00
log(N)

FIG. 6. The diffusion coefficient of a polymer chain D as a function of its
length N. For 180° alignment, i.e., flat substrate, D corresponds to in-plane
(2D) diffusion, and for all other cases, it is 1D along x-axis. Panels (a) and
(b) represent data for good and poor solvent conditions, respectively. Error
bars are smaller than symbol sizes.

pled with extremely slow dynamics. It is, therefore, impor-
tant to investigate the structural relaxation of polymers under
such topologically strong constrains. We estimate the relax-
ation time of the diffusive motion, 7, by solving

g(t=1)=Ry. ©)

This equation expresses 7 to be the time required for a chain to
move a distance of the order of its own size.?®3? As was done
with D above, we calculate 7 in 2D for 6 = 180°, and 1D for
all other cases. t as a function of N is shown in Figs. 7(a) and
7(b), for good and poor solvent conditions, respectively. The
relaxation time increases as the alignment decreases from 6
= 180°, which is in agreement with slower diffusion, noted
earlier. We obtain the scaling relation T ~ N2 on the planer
substrate, i.e., § = 180° for good solvent conditions as shown
in Fig. 7(a). The exponent is 3.0 for § < 135°. For poor

6.0

0=180° (a)
0=135°
6=90"
0=45"

4mo0)

4.5

3.0

log(x)

1.5

1.2 15 1.8 1.2 15 1.8
log(N) log(N)

FIG. 7. The longest relaxation time t of a polymer chain as a function of its
length N. For 180° alignment, i.e., flat substrate, v corresponds to 2D, and for
all other cases, it corresponds to 1D relaxation along x-axis. Panels (a) and
(b) represent data for good and poor solvent conditions, respectively. Error
bars are smaller than symbol sizes.
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solvent conditions, as shown in Fig. 7(b), the exponent is 2.0
for a planer substrate, and increases as the degree of confine-
ment increases. It becomes 2.6 for & = 135°, and goes to 3.0
for 6 < 90°. For 6 < 90°, the exponent is independent of sol-
vent conditions.

IV. CONCLUSIONS

We presented a molecular dynamics study on the struc-
ture and dynamics of polymers at the intersection of two
flat surfaces, forming a groove-like substrate. In particular,
we demonstrated the localization, stretching, and crossover
dynamics of a polymer chain at the junction when the an-
gle between the two surfaces is below a critical value. The
polymer chain is trapped energetically along the line of inter-
section of the two surfaces. It is also stretched significantly
along the line of intersection of the two surfaces. The stretch-
ing increases as the angle between the two surfaces 6 de-
creases, taking a maximum value of around 84% of its contour
length when 6 = 90°, i.e., when it is an orthogonal substrate.
The amount of stretching remains almost unchanged as 6 fur-
ther decreases. The stretching is of the same order as that of
DNA inside an open channel.'* The 1D radius of gyration of
a flexible polymer chain scales linearly with its length when
6 < 135° for good solvent conditions, similar to that inside a
nanotube.?’

Dynamical properties of the polymer chain on the sub-
strates are also studied. The center of mass diffusion coef-
ficient decreases as 0 decreases. However, the diffusion co-
efficient scales with length as D ~ 1/N, irrespective of 6.
The relaxation time along the junction scales as T ~ N* for
6 < 135°. Reptation along the line of intersection of the two
surfaces is also observed for 6 < 90°. Our prediction on lin-
earization of polymer chains is in agreement with experimen-
tal observation of DNA stretching on a lipid membrane sup-
ported on a grooved substrate.!!

The present molecular dynamics study revealed the
mechanism that governs localization and stretching of poly-
mers on grooved substrates. Stretching of a polymer chain on
a substrate with a curved region is very significant, as it has
many advantages over the traditional methods. It avoids any
flow, and avoids the difficulties of inserting macromolecules
inside micro fluidic channels in order to stretch it. Stretched
molecules on the substrate could be exposed to a larger sur-
rounding. Thus, the present work has important implications
in single molecule characterization, micro/nanofluidic device
design, and biotechnological applications.
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