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Abstract

Single-walled carbon nanotubes (SWNTSs) are emerging as promising candidates for molecular electronic device
components. However, to obtain individual SWNTs and to place them controllably at interfaces remains a major
hurdle. This is crucial because transport depends dramatically and subtly on the relative orientation of wires. We study
theoretically the aggregation of dispersed individual SWNTs on a surface. We pay particular attention to the aniso-
tropic orientational dependence of the van der Waals (vdW) interaction between tubes as well as that of the tube with
the surface. We find that at experimentally relevant regimes, tubes form clusters of different sizes that depend on the
density. Even for very low densities, individual tubes are improbable. © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

A series of advances in such diverse disciplines
as supramolecular chemistry [1] and single mole-
cule techniques [2] has led to remarkable experi-
mental demonstrations of molecules functioning as
components of conventional electrical circuitry:
wires [3,4], reconfigurable switches [5], amplifiers
[6], field-effect transistors [7], memories [8]. During
the past year, not only components but logic cir-
cuits have also been reported [9-12]. However, for
the promise of individual molecules or molecular
monolayers to function as electronic devices [13]
the problem of their chemical assembly in con-
trollable, scalable and efficient arrangements needs
to be overcome.
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These difficulties are exemplified by the case of
single-walled carbon nanotubes (SWNTs). Since
their discovery [14], their remarkable electronic as
well as mechanical properties [15] have made them
ideal candidates for elements in molecular devices.
However, they remain notoriously difficult to sol-
ubilise or otherwise manipulate chemically. To
date, efforts to organize them have relied on for-
tuitous events such as spattering, or alternatively,
on techniques involving extensive lithography, such
as fluidics [16], surface patterning [17] or direct
growth out of an electrode [18]. Two experimental
routes that depend instead on molecular properties
have been proposed: electric field manipulation
[19,20] and polymer-wrapping [21,22]. Both meth-
ods aim at first to overcome the same obstacle,
namely, the bundling or roping of tubes that results
from their strong van der Waals (vdW) attractions.

Carbon nanotubes have a strong tendency to
orient parallel to each other due to the strong vdW
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forces: the tubes arrange themselves in an hexag-
onal structure within the ropes [23], with a binding
energy of several hundreds of meV/nm [24].
Throughout the paper, we refer to the hexagonal
packing of parallel tubes as rope or bundle, and to
other arrangements as aggregates. Breaking up
these bundles to obtain individual tubes of uni-
form size and type continues to be a central un-
solved experimental problem. Even with a
technique such as sonication, that partially dis-
mantles bundles and produces individual tubes,
little is known about the subsequent solubility of
carbon nanotubes and their organisation in
structures other than ropes. Yet, proposed mo-
lecular devices frequently rely on such an organi-
sation [25]. In particular, the fabrication of a
crossbar (an array or square lattice made of na-
notubes on a surface) is currently a subject of in-
tense research [16,20]. The quest for such an array
is motivated by a default-tolerant molecular-based
computer proposed in 1998 [25].

Given the need to achieve such controlled ag-
gregation of nanotubes, it is surprising that it has
been little explored theoretically in the literature.
The formation of ropes and their ensuing proper-
ties have been intensely studied, but work so far
has concentrated either on properties of single
nanotubes or on properties of perfectly formed
ropes [26-28]. Here, we are concerned with the
opposite problem: namely, how to keep individual
nanotubes from forming ropes and how alterna-
tive structures may be formed. Furthermore, the
role of an interface in the aggregation process
needs to be addressed since in a device the tubes
are usually in contact with an electrode.

Additionally, it is important to study structure
because it is ultimately correlated with function. It
has been shown, both experimentally [29,30] and
theoretically, that the conductance depends
strongly on the geometry [31-33], the conforma-
tion, and the number [34-36] of molecules in-
volved (see however, [37]). So far, charge transport
on a crossed nanotube junction exhibits rich be-
haviour not well understood [11,38]. Unraveling
the microscopic interactions that lead to the ar-
chitectures of the self-assembling molecular struc-
tures at the interface is a first step for controlling
transport.

The purpose of this paper is to address this is-
sue. First, we study the aggregation properties of
model SWNTs on a surface as a result of the
competition of the highly anisotropic attractive
vdW interactions aligning the tubes and their in-
teraction with the surface. Understanding how the
tubes aggregate opens the way to producing indi-
vidual nanotubes. In particular, we investigate on
one extreme, the possibility of tubes remaining
isolated, and on the other, the formation of arrays,
rather than ropes.

2. Model

We consider individual SWNTs dispersed on a
surface after sonication or an equivalent tech-
nique. Only tubes that make contact with the
surface are considered that is, we ignore the res-
ervoir of tubes in the solution. Tubes are free to
move on the surface or take different orientations,
but do not detach themselves. We model the tubes
as one-dimensional hollow rods of length L, with a
uniform density of carbon atoms per unit length.
We choose a (10,10) equivalent structure due to its
predominance in the literature over most others.
We focus on short tubes (10 nm long, 1.3 nm wide)
since sonication not only breaks ropes but also
cuts SWNTs. These tubes exhibit negligible radial
compression whilst on a surface [39], making the
assumption of a rigid rod model to be valid with
respect to the tube—surface interaction. We ignore
the elastic deformation that tubes may experience
as they come into contact with the substrate or
other tubes. This is estimated to give an error of
less than 2% for SWNTs of the size we are con-
sidering but may be considerably more important
for bigger or multi-walled tubes [39]. In this work
we have considered a graphite surface whose in-
teraction with the tubes is fairly well known. We
take into account all the interactions as tubes take
different orientations. We consider the attractive
and repulsive interactions between nanotube pairs
and each individual nanotube and the surface. It is
the van der Waals (vdW) interactions that govern
the aggregation behaviour in these systems. Here,
we restrict the discussion to the effective pair po-
tential; that is, we disregard interactions of three
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and higher order body forces. We take the cut-off
for interaction at 20 nm, substantially longer than
nearest-neighbours. In general this interaction is
very complex and still not fully understood for
attractive rods [40,41]. Our potential consists of
two parts,

Viotat = Vie + Vt57 (1)

where Jj; corresponds to tube-tube interactions
and Vj describes the interaction of each individual
tube with the surface. We describe the potential in
some detail in the following section.

2.1. Potential of tube—tube and tube—surface inter-
action

The vdW attraction and the crossover to re-
pulsion at small separation is adequately described
by a Lennard-Jones potential:

Viy = —A/R® + B/R" (2)

after pairwise summation of the microscopic in-
teractions.

Girifalco has integrated the above potential for
carbon—carbon atoms over two spherical shells, to
obtain the effective potential between two Cgps
[42], and between two infinite parallel hollow cyl-
inders, to approximate the interaction between
two carbon nanotubes parallel to each other [24].
These potentials have been successful in describing
several material properties of nanotube crystals.
However, only parallel, infinitely long tubes have
been considered. The purpose of this work is to
examine the structural properties of short tubes, in
non-parallel orientations in the presence of a sur-
face.

To go from Eq. (2) to the continuum, the den-
sity of atoms must be known. Alternatively, a
discrete approach may be taken, where each atom
is assumed to be at the centre of a symmetric
electron distribution. Despite the different merits
of the continuum vs. the discrete approach, they
seem to give similar results when the same pa-
rameters are chosen [24]. Here, we use the con-
tinuum approach with numerical integration. The
atomic density per unit length of the tube was
calculated from the geometry of the tubes. Each
tube is represented as a collection of segments. The

tubes can take a discrete number of orientations.
One end of each tube was constrained to remain
fixed to lattice points on the plane of the surface,
defined as the x—y plane of the system. The posi-
tion of the tube is then characterised by four pa-
rameters (see Fig. 1): two co-ordinates x and y
(constrained by the dimensions of the lattice) and
the two angles 6 (angle between the tube and the
surface, measured perpendicular to the x—y plane,
between 0°-90° in 10° intervals) and ¢ (angle be-
tween the tube and the y-axis, between 5-355° in
10° intervals).

The potential was calculated by measuring the
distance between the centres of two tube segments
of the same length, and hence the same number of
constituent atoms; obtaining the potential energy
between the two segments Vigmeni, and summing
up the contributions from all the segments of one
tube with all the segments of the other:

1 sgmts m
Ve = EZZ;gl ‘ Efigl ¢ Viegment (R(n, m)).
We found that 100 segments for each tube were
enough to reproduce accurately the results of

A
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Fig. 1. The configuration of two tubes represented by rods of
length L, on a surface in the x, y plane. Each tube is represented
by four points, the x and y coordinates and the angles 6 and ¢.
The interaction potential V. is described in detail in the text
using this convention.
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numerical integration. The inter-segment potential
relied on the Lennard—Jones potential

V;egmem(R) = _C()A/R6 + C]ZB/Rlza (3)

where Cs and Cj, are the standard Lennard-Jones
parameters for two carbon atoms, R is the inter-
segmental distance, and 4 and B are constants
dependent upon the degree of tube discretisation
and the atomic density.

Expanding ecach Cartesian coordinate of the
distance R,

Ax(n,m) = (x; —ndx;) — (x2 — mdxy)

= x9 — Ky(nsin 6, sin ¢, — msin 6, sin ¢,),

Ay(n,m) = (y1 — ndy;) — (2 — mdy)

=y — K> (nsin 6, cos ¢p; — msin 6, cos ¢,),

Az(n,m) = (zy — ndz;) — (z2 — mdz,)
=z9— Ky(ncos, —mcosb,),

where xo = x; — x,, etc., K, is a segmentation con-
stant, n and m denote the particular segments on
each tube, and dx;, etc., is the difference in coor-
dinate x between subsequent segments, leads to

R(n,m)* = K — 2K5(nsin 0, (xo sin ¢, + yo cos ;)
— msin 6, (xo sin ¢, + 3 €S ¢,)
+ Ky (n* 4+ m?) — 2K3nm
x (sin 0 sin 0 (cos(¢p; — ¢,)
+ cos 6, cos 6,). 4)

The trigonometric values relate to the orienta-
tional parameters of the tubes, and are thus con-
stant for a given inter-tube potential calculation.
K is given by K| = x2 + )2 + 2.

This simple treatment is enhanced by an ap-
proximate scheme that takes into account the fact
that the tubes are cylinders rather than lines. In
particular geometries, the carbon atoms of a tube
would interact more strongly with those of the
adjacent tube rather than those atoms on the op-
posite side of the same cylinder. Hence, in terms of
modelling the tubes as one-dimensional rods in the
potential calculation, the effective atomic density
of the rod can be considered to be displaced to-
wards another rod by a distance g1 (approximately

the radius of the tube) instead of being centred in
the middle of the rod. The shifted atomic density
has to be representative of the proportion of atoms
primarily contributing to the potential from
this part of the cylinder and so it has to be de-
creased in magnitude by a factor ¢2. Eq. (4) then
becomes

(R(n,m) + q1)* = Ax(n,m)’ + Ay(n,m)* + Az(n,m)*
and Eq. (3)
Vsegmenl — _CﬁAq%/RG + CIZBq%/RIZ'

Our (10,10) tubes with a diameter of 1.35 nm, and
values of ¢1 and ¢2 of 1.305 nm and 0.24 respec-
tively, yielded a potential energy surface for par-
allel tubes with an equilibrium separation of 1.67
nm, and a potential minimum of 0.95 eV/nm, in
accordance with the results of [24], whose model of
two parallel infinitely long SWNTSs was the closest
potential comparison that could be made.
Although their tube model is inherently three-di-
mensional, whilst ours is only quasi-three-dimen-
sional, our potential allows for non-parallel
orientations and finite size effects (see Fig. 3). A
direct comparison of separation of parallel rods
versus energy/tube length for both potentials (see
Fig. 2) demonstrates comparable results. In this
instance, our potential simplifies upon consider-
ation of two parallel tubes with the same y and z
coordinates to the form

Vn(RH):/L/L -
L

BC12q§
( R+ K2(n—m)" — ql)

Finally, for the tube-surface interaction Vg, the
second part of the potential of Eq. (1), a simple
trigonometric relationship was used:

Vis = Csin 0, (6)

ACsq3

6
R+ K3(n—m)* — ql>

& | dmdn.  (5)

where C is the SWNT-graphite interaction at op-
timal parallel separation, calculated to be 1.61 eV/
nm for a (10,10) tube and a graphite surface [43].
The optimum tube-surface interaction energy is



R. Tucknott, S.N. Yaliraki | Chemical Physics 281 (2002) 455-463 459

J

0.6

<
>
O
- —
& Vu(R))
=
=024 \
0 LU s S S s B s B B B B S s s s 5

-0.2

Separation (A)

Fig. 2. Comparison between the tube-tube potential ¥}, used in
the simulations and the Girifalco et al. potential ([24]) for
parallel (10,10) nanotubes. Our potential was parametrised to
fit the same well depth and equilibrium separation (R,) as the
Girifalco potential using the effective separation and effective
density factors gl and ¢2 respectively. Notice the slightly
shorter range of interaction. V4, unlike the potential of [24],
describes also non-parallel orientations.
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Fig. 3. Inter-tube potential ¥, as a function of orientation.
Here, the tubes are separated by the parallel equilibrium sepa-
ration (R) along the x-axis. One tube remained parallel to the
z-axis; the other was allowed to vary with the angle 6. The
parallel configuration is considerably more stable.

therefore approximately 1.7 times larger than the
tube-tube interaction energy, hence the tubes
would energetically prefer settling on the surface
rather than pairing up perpendicular to the surface
to produce ropes.

3. Results

We applied the potential described in Section 2
to 10 nm long tubes on a graphite surface. The
tubes were modelled as being 100 segments or 100
lattice units long, that is a lattice point separation
of 0.1 nm was used. Initially, tubes perpendicular
to the surface, were randomly distributed upon a
periodic square lattice unit cell of 1000 x 1000.
Tubes were assumed not to interact beyond 200
lattice points in distance between x—y co-ordinates.
We performed standard Metropolis Monte-Carlo
simulations [44]. Random perturbations were ap-
plied to a single tube per calculation step, with
perturbation parameters of: Ax,Ay € {£1,0},
AO = £10°, and A¢ € {+30°,20°,10°,0°}. How-
ever, moves that resulted in hitting tubes were re-
jected. On the average, simulations were run for
10° steps and equilibration was checked for each
run. All simulations were performed at room
temperature (see Fig. 4).

Our discretisation was carried out with a square
lattice rather than a triangular lattice, despite na-
notubes aggregating as bundles in a hexagonal
fashion. What was being primarily considered with
this calculation was the interaction of the tubes in
the presence of a surface. Therefore, normal tube
aggregation is expected to be disrupted by the
conflict between the tube-tube and tube-surface
interactions, depending on the relative strengths of
each potential. Additionally, the small lattice point
separation (13.5 lattice points per tube width) still
allowed approximate hexagonal packing of the
tubes. Indeed, we checked that in the absence of
surface interactions, the tubes formed triangular
arrangements in the simulations. Finally, because
of interest in the possibility of a crossbar forma-
tion, a square lattice was considered more likely to
allow such behaviour to occur, especially if the
surface is chemically functionalised.

In Fig. 4 we present snapshots of the evolution
of the tube structures on the surface as a function
of increasing tube density. We refer to the situa-
tion of all tubes lying fully on the surface as the
maximum Coverage cp.x. We notice that the tubes
arrange themselves in clusters where a few tubes
orient parallel to each other as they are lying on
the surface. This persists throughout. The most
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Fig. 4. Representative examples of Monte-Carlo runs of tube-surface conﬁgug%tions at 298 K for maximum surface coverages ¢y of
5-40% (top-left to bottom-right). Simulations performed in a 1001 x 1001 (A ") periodic cell using coventional MC techniques. The
actual number of tubes in each simulation is 25, 37, 50, 62, 75, 87, 100, 150, 200. Maximum coverage corresponds to all tubes lying flat
on the surface. Initial increases in surface coverage led to larger two-dimensional clusters, but higher coverages demonstrate increased

three-dimensional tube overlap, promoted by surface site competition.

dense system we consider, c¢y,,x = 80%, can be seen Tube pairings were determined if either of two
in Fig. 5. There are crossed tubes as often observed alternative criteria, based on the definition of the
experimentally. These crossings would be even tube clusters as both a geometric and an energetic
more frequent if the elastic energy that provides phenomenon, were met. Firstly, if the tube centres
for extra stabilisation by local deformation were were of less than a given separation, sufficiently
included [39]. The experimentally relevant region parallel and with a minimum degree of perpen-
thus shows clustering and some crossing. No dicular overlap they were considered paired. This
standing up transition is possible at these densities. purely geometrical routine paired those tubes

More interesting is the appearance of clusters. suitably aligned with their immediate neighbours.
To quantify the cluster sizes we assigned tubes to Secondly, if the tube-tube interaction energy was
clusters the following way: each tube was geo- sufficiently stabilising the tubes were paired by the
metrically and energetically related to every other calculation. Although most of the tubes satisfying

tube to determine whether the tubes were paired. the previous criterion also satisfy this one, the
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Fig. 5. Tube-surface configurations at 298 K for maximum surface coverage of 80%. Here, orderly two-dimensional clusters have
become less predominant, with substantial three-dimensional cluster—cluster overlap occuring.

inclusion of this as an alternative requirement re-
sulted in the most impartial inclusion of perpen-
dicular tube—cluster interactions, where tubes
overlapping at right angles with the direction of a
cluster could be considered as part of the cluster
due to their strong energetic interaction with many
of the tubes constituting this cluster. The param-
eters used for cluster determination were chosen
after iterative comparison of automated and sub-
jective cluster analysis for numerous samples until
satisfactory agreement was made (see Fig. 6).

To compare cluster sizes for different densities,
it is important to normalise the results appropri-
ately. The meaningful probability density corre-
sponds to the fraction of tubes belonging to each
cluster of a particular size. In Fig. 6 we see the
results averaged over several runs for cp,x of 5%,

15%, 40% or 25, 75, and 200 tubes, respectively. As
the density of tubes increases, bigger size clusters
are observed. These densities still correspond to
very dilute systems. If we instead consider the
tubes all standing, then the coverage would be
instead 0.5%, 1.7%, 4.5%. However, even for small
densities, bigger size clusters become important
and the probability of observing individual tubes
decreases very rapidly.

4. Discussion

The vdW interactions of rod-like structures is
an old problem, still not as well understood
as those of spherical particles. In fact the geo-
metrical anisotropy dramatically alters the phase
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Fig. 6. Fraction of tubes in a cluster of given size for different
densities. The mean number of tubes in each cluster from all
runs has been normalised to the total number of tubes for each
density so that a normalised probability distribution is ob-
tained. 25 (solid line), 75 (dotted line), 200 (dashed-dotted line)

tubesin a 1001 x 1001 (AZ) periodic lattice, or ¢pax of 5%, 15%,
40% are presented. The procedure for the assignment of each
tube in a given cluster is described in the text. The actual
parameters used for the geometric criterion are: tube centres
must be less than 0.1 + 0.3Lcos A¢ + 0.2sin Atan(¢) and for
the energetic: separation < L, and pair interaction energy >
1.37 eV.

behaviour of the system. Onsager [45] first rea-
lised this when he calculated the behaviour of
very thin cylinders in the absence of attractions.
The packing entropy in this case can lead to phase
transitions that have been considerably studied in
colloidal rods. The phase behaviour of the system
becomes more complicated for strongly attracting
systems. The potentials are complex and not as
extensively studied. In the absence of interfaces,
there is a strong driving force to align the parti-
cles [41]. The interface attraction complicates that
even further. The tube—surface interaction drives
the tubes on the surface until excluded volume
repulsions become important. In this way it is
reminiscent of monolayers that show a standing
transition.

In this work we explored the molecular inter-
actions that drive the nanotube system. We con-
fined the study to the experimentally relevant
regime and showed why tubes appear in these ar-
rangements in current experiments. Individual
tubes appear only for extremely low density sys-

tems. However, different regimes may be explored
that can allow the system to order in a different
fashion. In fact, nanotubes are an excellent system
to test theories that consider rods as an idealised
situation of more complex systems. They have very
high vdW attractions, due to the special nature of
carbon that allows high atomic density, and at the
same they have very high aspect ratios. The mag-
nitude of this anisotropy is unusual.

A drawback of our model is the assumption of
monodispersity of single rods, clearly an idealisa-
tion as tubes of different lengths and diameters are
present. The effect of polydispersity will be the
subject of future work. This work can be extended
in several ways: the elasticity of the tubes may be
incorporated in our potentials by allowing seg-
ments to be flexible. This will allow us to study
longer tubes systematically and explore the effect
of geometric anisotropy. We have also ignored the
solvent, that seems to play a subtle role in charging
the tubes. The potentials then need to be modified
to account for electrostatic interactions. A first
attempt has been described in [20]. It is clear that
external fields or other driving forces may keep the
tubes from aggregating or impose an order. There
are possibilities to control orientation through
electric field induced dipoles that can allign tubes
with the field.

In conclusion, the unique geometrical and mo-
lecular properties of SWNTSs can be used at the
molecular level, a prerequisite for molecular de-
vices, if they are prevented from forming ropes. To
explore this possibility, we presented a model of
low density nanotubes in the presence of an at-
tracting surface. For experimentally relevant pa-
rameters, we observe nanotube crossings and
aggregates of sizes dependent on the density. In-
dividual tubes are improbable even for low densi-
ties.
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