
Rings of Single-Walled Carbon
Nanotubes: Molecular-Template
Directed Assembly and Monte Carlo
Modeling
Shengli Zou, Daniel Maspoch, Yuhuang Wang, Chad A. Mirkin,* and
George C. Schatz*

Department of Chemistry and International Institute for Nanotechnology,
Northwestern UniVersity, 2145 Sheridan Road, EVanston, Illinois 60208-3113

Received September 25, 2006; Revised Manuscript Received December 20, 2006

ABSTRACT

Rings of single-walled carbon nanotubes (SWNTs) were assembled by dip-pen nanolithography (DPN) generated molecular templates consisting
of COOH-terminated monolayers in circular patterns surrounded by passivating CH 3-terminated SAMs. Experimental data and atomic-level
Monte Carlo simulations show that SWNTs assemble into rings with radii as small as 100 nm at the edge of the COOH templates. This directed
assembly is strongly length-dependent; only when the length of a SWNT is longer than half of the circumference of the circle does the SWNT
bend to precisely follow the interface of the COOH-terminated monolayer. The theoretical modeling shows that the strain energy of each
SWNT is balanced by the energy difference between the van der Waals interactions of the tube with COOH and CH 3 templates to produce the
resulting ring structure.

The assembly and manipulation of nanoscale building
blocks1-6 are among the most important scientific challenges
in nanoscience7 because they not only afford a potential route
to the fabrication of large-scale integrated nanoscale devices8-11

but also provide a better understanding of the issues that
govern self-organization in many classes of materials.12 We
have recently developed a directed assembly approach for
positioning and shaping single-wall carbon nanotubes
(SWNTs) into rationally designed structures based upon their
interaction with nanopatterned monolayer templates.13 Here
the SWNTs are assembled along the boundary between
hydrophilic and hydrophobic molecule-based features that
are deposited on a gold substrate using dip-pen nanolithog-
raphy (DPN),14,15 allowing one to manipulate and assemble
the SWNTs on the micrometer to sub-100-nm length scales.
Thus, for example, SWNT rings can be formed on circular
features of 16-mercaptohexadecanoic acid (MHA) that are
surrounded by a passivating layer of 1-octadecanethiol
(ODT).

SWNT rings have been fabricated by other procedures,
beginning with the work of Liu et al., who obtained them as
a low-yield byproduct in nanotube synthesis.16 Soon after,
Avouris and co-workers obtained SWNT rings that were

stabilized by sidewall-sidewall van der Waals (VDW)
interactions.17,18 They proposed that the ring structures are
formed at a bubble-liquid interface. Later, Sano et al.
synthesized SWNT rings from end-functionalized tubes by
a ring-closure reaction.19 More recently, Tsukruk et al. have
fabricated bent SWNTs, a close kin to the rings, on a silicon
surface by trapping the SWNTs at liquid-solid-vapor
contact lines.20 The SWNT rings formed using these pro-
cesses typically have diameters over 500 nm. Rings with
diameters as small as 120 nm were obtained only recently
by Xie’s group using a chemical vapor deposition tech-
nique.21 The unusual curvature-dependent electronic and
magnetic properties of these SWNT ring structures have
attracted a great deal of interest over the past several years.22

Differing from these previous studies, our method is built
upon molecular-template directed assembly methods23,24and
allows one to make SWNT rings with specified diameters
on a surface. This SWNT assembly is driven by the dewetting
of solvents over patterned hydrophobic/hydrophilic mono-
layers as well as by strong VDW interactions between
SWNTs and COOH-terminated self-assembled monolayers
(SAMs).13 However, the length scale, which governs the
formation of SWNT rings on a surface, and the minimum
radius of fabricated rings one can obtain via this procedure
are still undetermined. In this letter, we report the formation
of SWNT rings with radii as small as 100 nm along with
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atomic-level Monte Carlo simulations that show the required
conditions for bending the SWNTs to form rings or arcs.
The data show that this is a versatile way for controlling the
bending of the SWNTs on a surface and the diameters of
the resulting ring structures (Figure 1).

The forces that lead to SWNT ring formation involve a
balance between nanotube strain and the difference in VDW
interactions between the SWNT and the COOH- and CH3-
teminated monolayers. The maximum bending of the as-
sembled SWNT rings can be predicted by simply calculating
these two balancing forces. Consider for example the strain
energy of a bent SWNT (assumed to be a portion of a circular
arc) as a function of its radius. A 10-nm-long (9,6) SWNT,
constructed of 1221 atoms, was used in these calculations.
The carbon atoms were treated as aromatic sp2 carbons with
equilibrium bond lengths of 1.400 Å and bond angles of
120°. The strain of the SWNT is described using the Amber
force field wherein intratube VDW interactions are treated
taking the carbon atoms as uncharged Lennard-Jones particles
with radii (σC-C) of 3.816 Å25-33 and potential well depths
(εC-C) of 0.086 kcal/mol.26 To calculate the strain energies
of SWNT rings versus radius, the geometry of the tube was
relaxed by allowing stretching along both the tubular axis
and radius directions. The calculated energies of the SWNT
versus its radius are shown in Figure 2.

In our previous study,13 the energy difference between a
SWNT interacting with COOH- and CH3-terminated surfaces
was determined to be 0.04 kcal/mol per carbon atom. This
energy difference matches the strain energy arising from a
circular SWNT for a radius of 50 nm (Figure 2). Therefore,
the minimum radius of a SWNT ring stable within the
COOH-terminated feature is approximately 50 nm. This

result is unlikely to change significantly with tube chirality
because the number of carbon atoms in contact with the
surface and the bending energy function are not expected to
change significantly. For larger-diameter tubes, the strain
energy in Figure 2 is expected to increase approximately
linearly with tube diameter; however, the number of atoms
also increases nearly linearly, so the radius where these two
are equal should be about the same. A similar argument
applies to longer tubes because both the energy in Figure 2
and the number of atoms increases linearly with tube length.
The 50 nm estimate neglects the possibility of tube recon-
struction (i.e., buckling) when the tube is bent. Such
reconstruction would reduce the stress, yielding a smaller
estimate for the radius.

To confirm this simple estimate, we simulate the bending
of a SWNT on the molecular template. Using a recently
developed parallel Monte Carlo program package, we were
able to model at the atomic level the directed assembly of a
314-nm-long (9,6) SWNT on a 220× 260 nm2 molecular
template (here taken to be thexyplane, as depicted in Figure
3). The template consists of a 100-nm-radius circle of
COOH-terminated molecules surrounded by CH3-terminated
molecules (see the Supporting Information for the construc-
tion of the SWNT and the molecular templates). In the
simulations, the template molecules are fixed. Initially, a
linear SWNT was placed at the center of the circular
molecular template and 0.75 nm above the surface, which
is approximately the equilibrium distance. They coordinate
of the center of mass of the SWNT was fixed, but the tube
was allowed to move freely in thex andz directions. Also,
the tube is assumed to lie on a circular arc, with its curvature
(1/r) randomly sampled. The maximum displacement allowed
in each step was 50 Å and 5.0× 10-5 Å along thex andz
axes, respectively. The curvature is varied subject to a
maximum change in each step of 2.5× 10-3 Å-1. The strain
energy of the SWNT for different radii was obtained by
interpolation from Figure 2, and the VDW energy is obtained
by explicit summation over pair interactions subject to a 30
Å cutoff (the cutoff changes the VDW energy by only 0.3%).
When the SWNT extends beyond the edge of the templated
region, the interactions between that portion of the SWNT
and the substrate is obtained by interpolation based on

Figure 1. 3D AFM tapping-mode topographic image of a series
of SWNT rings with diameters of 300 nm, 600 nm, 900 nm, and
1.1 µm. The image was taken at a scan rate of 0.5 Hz. The height
scale is 30 nm.

Figure 2. Evolution of the energy of a SWNT ring (per carbon
atom) as a function of the radius of the tube arc, based on an
idealized circular model of the tube structure.

Figure 3. Monte Carlo simulation snapshots of the bending of a
314-nm-long (9,6) SWNT on the COOH- and CH3-terminated
templates at steps 1, 200, 500, 800, and 1000, respectively. Red
and deep green colors represent the COOH- and CH3-terminated
SAMs, respectively, whereas the CH3-terminated SAM with
continuum model is shown in light green. The SWNT is shown in
blue.

Nano Lett., Vol. 7, No. 2, 2007 277



interactions that were calculated separately between a purely
CH3-terminated SAM and the SWNT as a function of the
distance between the SWNT and the surface.

Figure 3 shows snapshots of the formation of SWNT rings
over the COOH- and CH3-terminated SAMs. The simulation
shows that the arc radii decrease gradually while the tube
moves along thex axis toward the COOH/CH3 boundary.
This evolution is presented in Figure 4a, while Figure 4b
shows the system energy. Initially, the radius decreases until
reaching∼150 nm, where the displacement alongx rises to
a plateau at 15 nm. The corresponding snapshot (Figure 3b)
shows a slightly curved SWNT with an increasing fraction
of the tube in contact with the dot feature of COOH-
terminated SAM. When the SWNT reaches a radius of
∼150 nm, the system energy (Figure 4b) shows a small
barrier that arises when the tube is bent without appreciably
increasing the portion of the tube that is in contact with the
COOH-terminated SAM. Then the energy decreases when
the radius drops to 75 nm. This occurs when the SWNT has
bent to the point where it overlaps strongly with the dot
feature of the COOH-terminated SAM (going from Figure
3b to c). After this, the displacement of the SWNT grows
slowly and reaches a plateau of∼80 nm after about 600
steps, where the SWNT ring stabilizes at a radius of 90 nm.
This simulation is consistent with our estimate of the
minimum radius given above.

In the above simulations, because of the large displacement
and radius change of the SWNT at each step, the final state
of the SWNT is still 20 nm away from the interface between
the two-component molecular templates. To obtain a more
precise configuration, we carried out simulations with smaller
step sizes and different initial configurations. In these simu-
lations, the substrate atoms are fixed as before. A 340-nm-
long SWNT (3.4 times the COOH SAM feature radius) was

placed near the COOH- and CH3-terminated interface with
a starting radius of 90 nm. Again, the SWNT was allowed
to move along thex andzaxes and bend correspondingly, but
the maximum changes in curvature (1/r) and in the displace-
ments along thex andz axes for each step were chosen to
be 2.5× 10-4 Å-1, 5 Å, and 5.0× 10-5 Å, respectively.
The initial and final states of the simulations are shown in
Figure 5a and b, respectively. A stable structure is found
when the SWNT is only 1 nm away from the COOH- and
CH3-SAM boundary with a bending radius of 98 nm.

To further show how the assembly of SWNT rings
depends on the relative length scales of the SWNTs and the
molecular template, we perform calculations that start from
the same initial state and with the same step size as for the
340 nm tube simulation, but using a 255-nm-long SWNT
(Figure 5c). Minimization leads to a structure with a radius
of 108 nm that is 40 nm away from the interface (Figure
5d). As the length decreases further, the SWNT gradually
favors linear geometry. Figure 5e and f shows that for a 90-
nm-long SWNT the tube remains nearly linear, lying 15 nm
away from the starting place within the COOH template.
This length dependence of the SWNT assembly arises from
the balance between strain energy and VDW interaction
difference between the SWNT and different SAMs, and what
we infer from Figure 5 is that tubes that are more than
roughly 3 times the radius, that is, half the circumference,
in length will favor circular tubes, whereas those less than
the diameter in length will favor linear tubes. These results
refer to a COOH-terminated feature size having a 100 nm
radius. Unfortunately it is not possible to simulate larger
feature sizes, but we expect that the transition between
circular tubes and linear tubes will still be governed by

Figure 4. (a) Evolution of the radius and displacement along the
x axis of the tube in Figure 3 as a function of step number. (b)
Evolution of the energy of the system as a function of step number.

Figure 5. Length-dependent assembly of a (9,6) SWNT over the
molecular template. (a and b) The initial and final state of a 340-
nm-long SWNT. (c and d) The initial and final state of a 255-nm-
long SWNT. (e and f) The initial and final state of a 90-nm-long
SWNT.
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similar criteria. As long as the tube exhibits linear elastic
behavior, with a bending modulus that is length-independent,
the ratio of tube length to feature radius associated with this
transition should stay the same.

The theoretical simulations are accurately confirmed by
the experiments as shown in Figure 6. Simply by varying
the MHA dot sizes or SWNT lengths with strategies similar
to those used in earlier studies,13 we fabricated SWNTs with
three different structures, including (1) rings, when the
SWNT is longer than the dot circumference (Figure 6a-c);
(2) arcs, when the SWNT is shorter than the dot circumfer-
ence but longer than the diameter of the dot (Figure 6d-f);
and (3) straight tubes, when the SWNTs are shorter than
the diameter of the MHA dots (Figure 6g-i). Although the
comparison between theory and experiment depends on the
assumptions noted above about the influence of feature size,
tube length, tube diameter, and absence of buckling, and it
also implicitly assumes that the experiment results are
controlled by thermodynamic rather than kinetic effects, the
agreement is very good.

We note that this length dependence may also be influ-
enced by the solvent dewetting kinetics on a larger length
scale, as others have observed for a different system (surfac-
tant-dispersed SWNTs in water).20 However, for the 1,2-di-
chlorobenzene solvent used for this study, bent SWNT
structures were rarely observed on the SAMs we have

explored other than COOH-terminated SAMs.13 For feature
sizes between micrometers and the bulk, it is not clear that
complex dewetting behavior can become dominant in driving
tube bending.

In conclusion, we have presented a quantitative comparison
between experiment and theory on the formation of SWNT
rings on a surface using molecular templates. By adapting a
Monte Carlo method, our algorithm allows modeling of the
assembly process for large systems at the atomic level. As
the simulations predicted, SWNTs were assembled over
MHA dots, forming rings with a radius as small as 100 nm.
Attempts to produce smaller ring structures were not suc-
cessful. Thus, we see that the formation of SWNT rings is
driven by the balance between the strain arising from tube
bending and the differences in VDW interactions with the
molecular templates. This work, together with our previous
report,13 provides a comprehensive model for the surface
assembly/manipulation of these nanoscale building blocks.
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Figure 6. Length-dependent directed assembly of SWNT rings on MHA dots of different diameters: (a-c) 200 nm; (d-f) 350 nm; (g-i)
1.2 µm. c, f, and i are lateral force microscopy images and the rest are tapping-mode AFM topographic images. The images were taken at
a scan rate of 0.5 Hz. The height scale is 20 nm, and the phase lag is 20°.
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Supporting Information Available: Detailed experi-
mental procedures and a description of the parallel program
package and the SWNT and molecular template models. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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