Anomalous Slowdown of Polymer Detachment Dynamics on Carbon Nanotubes
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The “wrapping” of polymer chains on the surface of carbon nanotubes allows to obtain multi-
functional hybrid materials with unique properties for a wide range of applications in biomedicine,
electronics, nanocomposites, biosensors and solar cell technologies. Here we study by means of
molecular dynamics simulations the force-assisted desorption kinetics of a polymer from the surface
of a carbon nanotube. We found that due to the geometric coupling between the adsorbing surface
and the conformation of the macromolecule, the process of desorption slow down dramatically upon
increasing the windings around the nanotube. This behaviour can be rationalized in terms of an
overdamped dynamics with a frictional force that increases exponentially with the number of wind-
ings of the macromolecule, resembling the Euler-Eytelwein mechanism that describe the interplay
between applied tension and frictional forces on a rope wrapped around a curved surface. The re-
sults highlight the fundamental role played by the geometry to control the dynamics and mechanical

stability of hybrid materials in order to tailor properties and maximize performance.

From ancient times up to nowadays, the interplay of
the frictional forces and the tension on a rope wrapped
around a solid support or another rope has been em-
ployed in a myriad of applications. Indeed, the first use
of ropes for hunting, pulling, lifting, climbing, fastening,
etc. is believed to date back to prehistoric times and pre-
dates the use of the axe (6000 BC) or the wheel (5000
BC) and probably, even the controlled use of fire (125000
BC) [1]. Winding a rope around a curved surface not
only allows to transmit an applied force along a different
direction, but also to strongly reduce the tension from
one end to the other. This feature has been exploited in
Leonardo da Vinci’s machines or in tools dating back as
far as ancient Egypt, and it is also employed in nature by
tendril-producing plants [2, 3], like grape or passionflow-
ers, and exploited by different mammals with prehensile
tails, like the harvest mouse or New World monkeys, to
hold on to branches (see Fig. 1), climb trees, and grab
or manipulate objects [4].

Geometrical properties are also relevant on the
nanoscale, for example when considering the interac-
tions between macromolecules and carbon nanotubes.
“Wrapping” polymer chains around the surface of sin-
gle wall carbon nanotubes (SWCNTs) allows to control
their solubility in different solvents and also to create
novel materials for materials science [5—10], medicine [11-
13], biosensor technology [14], DNA sequencing [15, 16],
and nanoelectronics [17]. For example, short sequences
of single-stranded DNA can be employed to sort SWC-
NTs by diameter, chirality, or electronic behaviour, and
hybrid nanomaterials combining biopolymers with SWC-
NTs have recently been utilized in a variety of applica-
tions such as drug delivery, imaging and sensing [18-20)].
Using hybrid materials in applications requires a solid
knowledge about the stability of the assembly depending
on the conformation, the molecular size and the binding

FIG. 1. Interplay between tension and friction on the macro
and nanoscale. a)- Black spider monkeys (Ateles paniscus)
can use their prehensile tails to hold onto branches. The fric-
tion between the prehensile tail and the surface of the branch
is strongly enhanced due to its helical wrapping around the
branch (adapted from Ref. [4]). b)- Macromolecule adsorbed
on a nanotube partially detached by the presence of an exter-
nal force f acting on one of the chain ends. Here we consider
external forces that point along the direction perpendicular
to the tube axis. The lower panel shows the polymer config-
uration at three different desorption times.

energy [18-21].

For example, the thermal stability of DNA-SWCNT
hybrids was found to increase sharply with increasing
DNA sequence length [22]. Depending on the architec-
ture of the molecule, the self-organized structures and
winding of the molecule around the tube can be con-
trolled. For example, polysaccharide chains like chitosan
[23] or phenylene-ethylene [24] polymers adopt a heli-
cal conformation when adhered to SWNTs while DNA
makes a complete right-handed helical wrap around the
SWCNT [18].
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FIG. 2. Dynamics of force-assisted polymer desorption. a) Average polymer/nanotube energy of interaction per monomer Fyq
as a function of time (N = 300, a = 1.0). The time where F.; = 0 determines the characteristic time for complete desorption,
7 (N =300, @ = 1.0). b)- Fraction of desorbed beads ¢ as a function of the rescaled time t/7(f). c) Average desorption time
7 vs. applied force f, plotted for different chain lengths N. Here the lines shows that 7 diverges at a critical force f. ~ 52
as 7 ~ (f — fo)! (helix pitch ~ 31.5b and ~ 37 monomers/turn). d)- 7 vs. chain size N for different helical conformations
(f = 150). The lines show fits to 7 ~ N2. Here a characterizes the pitch of the helical polymer conformation (see inset).

As a first step towards understanding the leading fac-
tors that control the mechanisms of desorption of a poly-
mer chain from a carbon nanotube, here we use Molecu-
lar dynamics (MD) simulations of a coarse grained model
to study the role of the geometry of the adsorbing sur-
face on the dynamics of force-assisted polymer detach-
ment (see Fig. 1b). Our central finding can be sum-
marized as follows: We demonstrate the existence of a
geometrically controlled friction phenomenon that drasti-
cally slows down the desorption process. We analyse this
effect quantitatively and show that it is closely related
to the capstan mechanism — a well-known macroscopic
phenomenon that is relevant for many human activities.
Hence we show that the same mechanism may also con-
trol the interactions of hybrid materials at the nanoscale,
and thus unveil universal aspects of the phenomenon.

To investigate the mechanisms of force-assisted desorp-
tion, we consider polymers with different conformations
that are absorbed on the surface of a SWCNT with a hon-
eycomb structure in the armchair configuration. In order
to investigate the geometric effect of the nanotube cur-
vature, we choose a system with a relatively small tube
diameter (0.55 nm considering the bond length of car-
bon atoms as 1.44 ) [17, 25]. The good solvent condition
is implicitly implemented by using purely repulsive non-
bonded interactions of the Weeks-Chandler-Anderson

T
and UWC4(r > b) = 0. Here ¢ and o are the units of
energy and length, respectively. The parameter o fixes
bond length at equilibrium (b = 265 ~ 1.12) and ¢ is
expressed in units of kg7, where kp is the Boltzmann
constant and T is the temperature [26]. The "MD units”
of our paper are given in terms of o and kgT'. In our MD
simulations we use a coarse-grained model of a polymer
chain of N beads connected by finitely extendable elastic
bonds [27] (see Fig. 1b). The bonded interaction be-
tween the neighbour monomers along the polymer chain
is described by the finitely extensible nonlinear elas-

tic (FENE) potential, Upgng(r) = —2krdIn [17 é},

0

(WCA) type: UWCA() = 4e[(2)"" = (2)+ 3], r <o

r < ro and Upgng(r > 19) = o0, with k = 30¢/0?
and 79 = 1.50. The chain stiffness is controlled by the
bending potential: Upena (#) = & (1 — cos 3), where S is
the bond angle formed between two subsequent bond vec-
tors. The bending stiffness is controlled through the pa-
rameter k. The attractive interaction of the chain beads
with the tube is given by the conventional Lennard-Jones
potential with a cutoff of 2.50 in the MD code. Here we
use the model parameters k = 15kgT with kgT = 1.

The time evolution of polymer desorption is calculated
by solving a Langevin equation of motion for the position
r; of each bead along the chain: m#; = F; — nr; + R; +
£5; v, where m = 1 is the mass of the bead, F; is the force



acting on monomer i due to the presence of the nanotube
and other polymer beads, R; is a random force related
to the friction coefficient 7 by the fluctuation- dissipation
theorem and the last term represents the external (con-
stant) stretching force acting along the radial direction of
the nanotube on one of the end beads (see more details
in the supplementary information).

The mechanism of chain desorption is analysed by
monitoring the average number of beads detached from
the nanotube. Due to the short ranged nature of the sur-
face interaction, the average fraction of beads detached
from the nanotube ¢g(t) can be accurately determined
from the interaction energy per monomer FEyq;(t) be-
tween the polymer and the surface of the nanotube as
¢r(t) = Eyal(t)/Ewai(0). The time evolution of the
process of polymer desorption for different strengths of
the pulling force f is shown in Fig. 2a. During the
desorption process, | Eyau | decays with time, while
the average desorption time for complete detachment
T increases with decreasing f. Figure 2b shows the
dependence of the average fraction of beads adsorbed
on the nanotube ¢g as a function of the reduced time
t/7(f), where 7(f) is the total desorption time for a given
strength of the pulling force f. Within this representa-
tion, the data corresponding to different desorption con-
ditions roughly collapses on a single curve.

Depending on the applied force, at long times the chain
is either completely adsorbed or completely detached
from the surface of the nanotube. Figure 2c shows the
desorption time 7 as a function of the pulling force f for
chains of different length. The polymer detaches if the
force exceeds a critical value f., which is determined by
the attractive surface potential and independent of the
chain length and conformation. For given f > f., the
desorption time 7 increases with the size of the polymer
chain; in addition, 7 diverges as f approaches f. accord-
ing to a power law, 7 ~ (f — f.)~!. Figure 2d shows the
behaviour of 7 as a function the chain length N for he-
lical conformations with different pitch angle « (see the
scheme in the inset of Fig. 2d). For given «, 7 follows a
power law behaviour 7 ~ N2.

In addition, 7 also depends dramatically on the helical
pitch . The detachment times for chains of the same
length can differ by more than one order of magnitude
depending on the pitch angle.

This effect is further analysed in Fig. 3. In the fol-
lowing, we express the initial number of beads per turn
in a chain as ng ~ 2rR/bcos(«), where R ~ 2.86 £ 0.02
is the average distance between the polymer beads and
the center of the nanotube, and b the bond length. Thus,
the initial number of windings is given by n, = N/no.
Figure 3a compares the time evolution of the fraction of
desorbed monomers ¢(t) for two systems with different
number of windings n,,, but with the same chain size
and pulling force. For the chain with the smaller number
of windings around the tube (n,, = 2.5), complete des-

500 1500
time [MD units]

w
c
310?
o)
=
L \F(e)
-

10°*

0 50 100 150 200
2nn,
FIG. 3. Influence of the polymer conformation on the kinet-

ics of polymer desorption. a)- Fraction of desorbed beads ¢
as a function of time. The insets show snapshots of the pro-
cess of chain detachment at two times (¢ = 25 MD time steps:
yellow beads and ¢ = 50 MD time steps: red beads) for the
two different polymer configurations. Note that the fraction
of desorbed beads ¢g is strongly affected by the winding num-
ber n.,. Here N = 300 and f = 60. b) When plotted against
the wrapping angle between the polymer and the nanotube
27N, it is found that 7N =2 grows as predicted by eqn. 1
(f = 150). The inset shows that the effective friction with
the tube surface decreases with N as u ~ 1/N. ¢)- According
to the capstan model, for a inextensible rope at equilibrium,
F(6) = exp(ub)Fo.

orption is reached after about 1400 MD time units. The
desorption process slows down drastically for the system
with n,, = 14, where only ~ 20% of the monomers are
fully desorbed from the tube at the same time (i.e., 1400
MD time units). Fig. 3b shows that for a given N, 7N 2
grows nearly exponentially with the number of windings.

The exponential dependence suggests that there might
be a relation with the macroscopic phenomenon of belt
friction, which occurs in situations where a rope is
wrapped around a solid body. In that case, the equi-
librium and dynamic properties depend on the rope con-
figuration, the applied tension and the angle 6 between
the rope and the cylinder along the surface of contact. In
the simplest case of an inextensible rope wrapped around
a cylindrical drum, the problem is described by the Euler
- Eytelwein formula [28-30] (also known as capstan equa-
tion): The applied tension Fy decays exponentially with
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FIG. 4. Capstan-like dynamics of polymer desorption. a)-
Average bond length deformation § — §p along the polymer
chain at different simulation times (o« = 0.6). As a reference,
this panel also shows the behaviour of § in the absence of a
pulling force. b) TN"2 vs. cos(a) (symbols) and theoretical
prediction (line) for the data shown in Fig. 3b.

the friction coefficient between the rope and the surface
w and the total wrapping angle 8 as F'(8) = Fyexp (—ub)
(see the scheme in Fig. 3c). From rock climbing to belt
machine design, this simple model has been widely used
for more than 250 years. Figure 4a shows the behaviour
of the bond length stretching § — §p along the contour
length of the polymer chain during the process of des-
orption. Here §p is the average bond length for a chain
lying on the tube in the absence of a pulling force. While
in the fully desorbed portion of the polymer chain the
bond stretching is nearly constant, in the absorbed re-
gion & — §y decays rapidly along the polymer chain, in
rough agreement with the capstan problem.

However, in contrast to macroscopic ropes, molecules
in solution experience a substantial Stokes drag. To pro-
ceed, we will thus generalize the capstan equation to cases
where the Stokes friction cannot be neglected. The ten-
sion at the nth chain bead is denoted v(n) (here n = N
corresponds to the free end and n = 0 to the end where

confined on a curved substrate, the tension generates
a normal force Fy = v2 in the direction of the sub-
strate. Due to this force, the bead experiences a solid
friction force, which we approximate by Amonton’s law,
F,, = pFx with the kinetic friction coefficient ;. Finally,
the Stokes friction force on the bead is given by F¢ = (v
where ( is the Stokes friction coefficient for a monomer
moving on the surface of the tube, and v = b| 4% | the av-
erage velocity of the chain. We consider an overdamped
case where the velocity of the molecule results from a
balance of forces, hence we require F, + F), + F¢ = 0 for
all beads with the boundary condition v(N) = 0 at the
free end of the molecule, and v(N — m(¢t)) = (f — f.) at
the detachment point. Combining everything (see sup-
plementary information), the total desorption time can
be expressed as

, b N2
— 70 g(2mpny) with 7p = 2 1
Tu = To 9(27pny ) with o ST T (1)
where g(z) = Z(e® —x — 1). Note that in the limit

i — 0, the scaling of the desorption time, 7, — 79
N2/(f — f.), agrees with the scaling observed for the
desorption process from a flat substrate [31]. Figure 3b
also shows the results of a fit of the numerical data with
the model equation Eqn. 1. In spite of its simplicity, the
model captures the behaviour of 7 vs. n, and also the
scaling observed in Figs. 2c and 2d.

The inset of 3b shows that the fitted values for the ki-
netic friction coefficient p depend on the chain length and
seem to decay as p ~ £2. Taking this result into account
in a heuristic manner and using n,, = Nbcos(a)/27R,
we obtain 7N ~2 oc g(uobcos(a)/R). Fig. 4b shows that
when 7N ~2 is plotted against cos(c), all the data col-
lapse onto a single curve with a functional form that is
in excellent agreement with our model.

In summary, we have shown that the conformation of
molecules adsorbed onto the surface of a carbon nan-
otube plays a crucial role for the dynamics of polymer de-
tachment. In particular, wrapping molecules around the
tubes can slow down the desorption dynamics by more
than an order of magnitude. This effect might be impor-
tant, e.g., for the kinetic stabilization of hybrid polymer-
nanotube composites, where the interaction between dif-
ferent nanotubes is mediated by adsorbed polymers. The
kinetic slowdown could also be exploited in applications
such as DNA sequencing and SWCNT sorting.
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the force f is applied). It is constant (v = (f— f.)) for the
desorbed chain part and depends on n for n < N —m(t),
where m(t) is the number of adsorbed beads at time ¢.
The force acting on one bead in tangential direction due
to the tension is thus F,, = 0y/0n. In addition, in chain
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SUPPLEMENTARY INFORMATION ON:
ANOMALOUS SLOWDOWN OF POLYMER
DETACHMENT DYNAMICS ON CARBON

NANOTUBES

This document provides supplementary information
about the microscopic model employed to describe the
dynamics of polymer desorption and also additional re-
sults and details about the numerical simulations.

MODEL PARAMETERS AND STATISTICAL
ERRORS.

The MD model parameters are selected as: kT = 1,
n = 0.25, and k = 15. The Verlet algorithm is used to
integrate equations of motion using an integration step of
0.0005 time units (time is measured in units of \/ma?/e).

We consider a nanotube with impenetrable walls and
periodic boundary conditions along the tube axes (z— di-
rection). Initial helical configurations with different con-
formations were equilibrated by running 106 MD time-
steps in the absence of an external force. Then, a force f
was applied to the last monomer in the direction perpen-
dicular to the adsorbing surface of the nanotube (radial
direction).

Due to the attractive interaction potential between the
polymer and the tube, the monomers that remain at-
tached to the surface during the desorption process have
an average distance of (0.86 4= 0.03)o from the tube sur-
face. Due to the symmetry of the problem and assum-
ing that the tube is aligned along the z-axis, the average
number of windings of the polymer chain around the nan-
otube can be expressed as: n,,(t) = i 21\;1 00;, where
00; = 0,11 — 0;. Here 0, represents the azimuthal coordi-
nate corresponding to the i—bead of the polymer chain
(i=1..N).

Supplementary Figure 1 shows the desorption time 7
as a function of the strength of the polymer/surface in-
teraction parameter €. For given ¢ > €., the desorption
time 7 decreases with the strength of the pulling force;
in addition, 7 diverges as € approaches a critical value ¢,
according to a power law, 7 ~ (¢ — ¢.)"!. In this study
we employed € = 4.

Supplementary Fig. 2 shows the average desorption
time 7 vs. the friction coefficient 7 in the Langevin dy-
namics simulations for N = 200 and f = 150. Note that
within the model parameters explored in this study 7
increases roughly linearly with 7.

The results reported in Figs. 2 and 3 and 4b in the
paper corresponds to the averages of 10 different configu-
rations. The data corresponding to Fig. 4a was obtained
by averaging 100 independent runs. As an example of the
typical statistical errors associated to the average desorp-
tion time 7, the next table shows the values correspond-
ing to systems containing N = 200 and N = 400 beads.
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FIG. 1. Average desorption time 7 vs. the strength of

the attractive potential interaction parameter e plotted for
different applied forces. Here the lines shows that 7 diverges
as as T ~ (¢ — €)' (IV = 250; helix pitch ~ 25.8b).
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FIG. 2. Average desorption time 7 vs. the friction coefficient
7 in the Langevin dynamics simulations. Here the continuous
line corresponds to a linear interpolation through the numer-
ical data

GENERALIZED CAPSTAN EQUATION

The force balance equation F, + F}, + F = 0 results
in the equation
oy 2w

o Pg

Y= _<U7 (2)
which is generally solved by
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TABLE I. Average desorption time 7 and its corresponding
error At for different values of a (f = 150).

a 7(N =200) AT(N =200) 7(N = 400) A7(N = 400)
0.2  0.0292 0.002 0.0305 0.001
0.4 0.0230 0.001 0.0231 7.9E-4
0.6 0.0167 0.001 0.0148 8.9E-5
0.8 0.0109 8.5E-4 0.0121 4.3E-4
1 0.0056 1.4E-4 0.0058 1.9E-4
1.2 0.0031 9.8E-5 0.0030 9.2E-5
1.4 0.0019 6.2E-5 0.0017 1.6E-5
with pe = 27?—;‘ and an integration constant n*. The

latter is determined by the boundary condition v(N) =0
at the free end, giving n* = N. The other boundary
condition, y(N — m(t)) = (f — f.), imposes a condition
on the velocity v of the chain,

Cu=(f = fe)pe/(e"™ = 1). (4)
Inserting v = —b‘% and integrating, one obtains the im-
plicit relation for m(¢)
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with g(x) = 2 (e® —x — 1) and the total desorption time

x2

T, = Tog(peN) with 79 = 2(1}[2};1) (corresponding to Eq.
1).
It is instructive to consider the limit ¢ — 0 and the
limit ¢ — 0. In the absence of solid friction, at u — 0,
one has g(peN) — 1, thus the desorption time reduces
to 7, — 7o and the number of adsorbed segments follows
the simple relation
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The limit ¢ — 0 cannot be taken easily. Here, we have
to reconsider the original equation (2), which then takes
the form 2% + p2fy = 0. With the boundary condi-
tion v(N — m(t)) = (f — f.), one obtains v(n,t) =
(f = fo)e te(r=(N=m)) " However, the boundary condi-
tion v(N,t) = 0 cannot be met, hence the chain acceler-
ates unless a force F' = (f — fo)e F ™ = (f — fo.)e "0 is
applied at the free end, where § = 2wm/ng is the total
wrapping angle. This corresponds to the original capstan
equation.

DESORPTION DYNAMICS

Supplementary Fig. 3 shows the dynamics of polymer
unwinding for a polymer chain with N = 300 beads. Here
the average fraction of windings remaining on the nan-
otube at a given time ¢ is given by: ¢, (t) = 1y, (t) /1w (t =
0). Similarly to the data shown in Fig. 2b in the paper,
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FIG. 3. Fraction of remaining windings ¢,, during the force-
assisted desorption process of a chain with N = 300 beads.

here we can also observe that data corresponding to dif-
ferent pulling forces roughly collapses in a single curve
when plotted against ¢/7.
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FIG. 4. Fraction of desorbed beads ¢g as a function of time
for polymer chains adsorbed onto nanotubes with different
diameters (N = 300). Note that the dynamics of polymer
desorption is faster for a tube with a larger diameter (R; = 8o:
green line; Ry = 30: blue line).

According to the Capstan model, for a given chain size
N the number of windings decays as 1/R, where R is
the average distance between the polymer beads and the
center of the nanotube. In our case, R = R; + 05, where
R; is the tube radius and ;s ~ 0.86¢ is the average dis-
tance between the adsorbed beads and the tube surface.
Supplementary Figure 4 compares the dynamics of poly-
mer desorption for a system evolving according to the



same set of model parameters as before but consider-
ing tubes with different diameters. Upon increasing R;
from R; = 30 to R; = 80, the desorption time 7 reduces
by a factor of 75t=87 /7RI=37 -, (.18 (see supplementary
Fig. 4), in qualitative agreement with our model. How-

ever, it should be emphasized that the number of near
neighbours accounting for polymer-surface interactions
depends non-trivially on the tube diameter. Thus, the
friction coefficient p depends on tube diameter.
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