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Theoretical modeling of carbon nanotubes continues to provide useful insight and guidance to
many experimental efforts toward technological applications. Molecular modeling tools have been
used to study important structural, electronic, elastic, transport, and growth properties of nano-
tubes. We report results from three recent simulations: (i) effect of adsorbates on field emission
from a nanotube tip; (ii) effect of mechanical deformation and chirality of nanotubes on electronic
transport; and (iii) coating and solubilizing nanotubes by a polymer. The reported simulations are
based on first principles density functional theory (DFT), classical molecular mechanics, and tight-
binding transport based on the Green’s function formalism.

1. Introduction

Ever since their discovery in the early 1990s [1, 2], carbon nanotubes have captured the
imagination of researchers worldwide. More recent experimental breakthroughs leading
to realistic possibilities of near-term commercial applications [3] have thrust nanotubes
as a mainstream research topic both in the basic sciences and in the applied disciplines.
Some of the more promising application areas include: field emission based flat panel
displays [4], novel semiconducting devices in microelectronics [5, 6], hydrogen storage
devices [7], structural reinforcement agents [8], chemical sensors [9], and ultra-sensitive
electromechanical sensors [9]. The present paper reviews our modeling endeavor in
three areas: (i) effect of adsorbed molecules on the field emission from a metallic nano-
tube tip, (ii) effect of mechanical deformation and chirality on the electrical conduc-
tance of nanotubes, and (iii) coating of a nanotube with a polymer film thereby render-
ing it soluble in toluene.

2. Computational Methodologies

Different problems require different computational and modeling approaches depend-
ing upon the model size and the properties of interest. The three applications described
below all required their own set of simulation methodologies and parameter settings.
For the first application, i.e., adsorption of molecules at nanotube tips, the number of
atoms at the tube tip were limited to 60. Besides, this entailed a study of accurate bind-
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ing energy and the effect of the adsorbate on the highest occupied molecular orbital
(HOMO). This called for an accurate first principles quantum mechanical (QM) meth-
od. We used the DFT code DMol® [10] distributed by Accelrys Inc. The electronic
wave functions were expanded in a double-numeric polarized (DNP) basis set, the best
basis set available with the code. To save computational time, the basis functions were
truncated beyond a cutoff distance of 4.0 A. An all-electron calculation was carried out
on a “medium” integration grid using a gradient-corrected PBE exchange-correlation
functional [11].

The second application investigated the structure of nanotubes under deformation by
an AFM tip. Such large deformation has the potential of altering the chemical bonding,
especially in the middle part of the tube right on top of the AFM tip. In this applica-
tion we are dealing with rather long tubes (2400 atoms), which are much too large for a
first principles treatment. Besides, the part of the tube away from the AFM tip is under
a simple tensile strain, which can be adequately described by classical molecular me-
chanics (MM) using an interatomic potential. For this application, we used a QM de-
scription of the middle part of the tube, and an MM description of the part away from
the AFM tip. The QM code used was DMol’, as in the first application. However, since
the QM system was somewhat larger in this case than the first application (the biggest
cluster studied was ~160 atoms), we used the Harris functional [12] for the DFT Hamil-
tonian. The MM engine used was the Open Force Field (OFF) available through Ac-
celrys’ Cerius? interface [13]. The interatomic C—C potential was described by the Uni-
versal Forcefield (UFF) [14], which has previously been used to study the mechanical
properties of carbon nanotubes [15].

The second application also required computing the phase-coherent transport
through nanotubes of different chiralities under various deformation conditions. The
transmission and conductance were computed using the recursive Green’s function
formalism [16, 17] using a framework of a nearest-neighbor sp’-tight-binding Hamilto-
nian in a non-orthogonal basis. Effects of strain on conductance was accounted for by a
bond-length-dependence of the Hamiltonian and the overlap matrices H; and S;, as in
Ref. [18]. First, the retarded Green’s function G® of the whole nanotube was deter-
mined by solving the equation

(ESij — Hij — Y1 i — Sky) GFF = of, (1)

where Zf g are the retarded self-energies of the left and the right semi-infinite con-
tacts. The transmission at each energy were then found [19, 20] from the equation

T(E) = G" i/FL.jkGAﬁleR,liv (2)

where I'p g =1 (ZIZ R— 2’2 r) are the couplings to the left and right leads. Finally, the
total conductance of the tube was computed using the Landauer—Biittiker formula

22 8f0)
G_T J T(E) ((’iUE dE, (3)
where fy(E) is the Fermi—Dirac function.

The third application dealt with the interaction of polymers with carbon nanotubes.
The system size of a few thousand atoms made a QM calculation prohibitively expen-
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sive. Besides, the polymer—nanotube interaction of interest is essentially nonbond in
nature. Therefore, classical molecular mechanics with an accurate interatomic potential
is sufficient to treat such interactions. Because the nanotube is stiff compared to the
polymer, the nanotube atoms are held fixed during the simulation. Therefore, it was
important to use an interatomic potential that is highly accurate for polymers. To this
end we used the COMPASS Forcefield [21], which has been well validated for a large
number of polymers both in the gas and in condensed phases.

3. Application Examples

3.1 Effect of adsorbates on the field emission from the tip
of a metallic nanotube

Synthesis of carbon nanotubes with length-to-width ratio as large as 10°, as well as
advanced fabrication methods for generating self-aligned or patterned nanotube films
on glass [22] or silicon [23] substrates have pushed nanotube-based flat-panel displays
to the brink of commercial reality [24]. One major challenge to overcome is to reduce
the operating voltage. One way to achieve this is to introduce adsorbates that might
effectively lower the ionization potential (IP) and facilitate the extraction of electrons.
An important experimental work in this regard was done at Motorola [25], in which
changes in field emission behavior in the presence of various gases were studied, i.e.,
O,, H; and water vapor. While O, and H; did not affect the field emission behavior
appreciably, adsorbed water was found to significantly enhance the emission current.

3.1.1 Simulation setup

In order to understand the difference between H, and water on the field-emission prop-
erties of carbon nanotubes, we carried out first principles electronic structure calcula-
tions using the DFT code DMol’. For the metallic nanotube we chose a (5, 5) armchair
tube, with a hemispherical tip represented by the half of a Cgyp molecule (buckyball). A
uniform external field Egg, directed toward the tube from above, was chosen to repre-
sent the electric field close to the tube tip under field emission conditions. Since the
actual field close to the tip is radial rather than uniform [26], the uniform field repre-
sentation is appropriate only if the tube-stem in the simulation is confined to the same
size as the tube diameter. For this reason, a short stem of three atomic layers (30
atoms) was used. A more realistic field around the tip could perhaps be simulated by
means of a large number of point charges situated at some distance from the tip. Such
an effort was not undertaken for two reasons: (1) in all flat panel display designs the
field emission occurs not from isolated tubes, but from a film of closely-spaced nearly-
aligned tubes, with the resulting E-field more closely resembling a uniform field above
the tip assembly; (2) the essential chemistry that drives the effect of adsorbates on field
emission behavior can be extracted from calculations using a uniform field, as illu-
strated below. For all calculations a magnitude of Erg =1 V/A was used as a ballpark
figure around which field emission is known to occur for these systems. Difference in
electronegativities between H and C introduces an artificial dipole moment in the nano-
tube if the dangling C atoms at the stem-end are H-saturated. The C atoms at the stem
end were therefore left unsaturated. In addition, these C atoms were fixed during the
simulation in order to mimic the presence of a long stem in actual experiments.
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3.1.2 Results

The main results for this study can be summarized as follows:

a) A single H; molecule can either lie “flat” or “upright” on the nanotube. A single
water molecule adsorbs in such a way that its plane symmetrically cuts the nanotube
into two equal halves. The two H atoms are symmetrically equidistant from the tip, and
could be either closer or further from the surface as compared to the O atom. We call
these configurations “down” and “up” water, respectively.

b) At E =0 none of the adsorbates show any significant binding to the nanotube tip.
The H; has less than 0.1 kcal/mol binding in either configuration, while a single water
has ~0.7 kcal/mol binding.

c) At a tip-field of 1 V/A, the binding energies change significantly. Thus, the H, has
a binding energy of 1.1 and 3.5eV in the flat and the upright configurations, respec-
tively, while the “down” water has a binding energy of ~20 kcal/mol, which is of the
order of a chemical bond. The “up” water becomes unstable in the presence of a finite
electric field at the nanotube and spontaneously flips into a “down” water. The “up”
water is therefore not considered further in the discussion below.

d) Because water molecules can form clusters through H bonding, it was also impor-
tant to consider the structure and adsorption energy of a cluster of water molecules
on the nanotube tip. Because of the fivold symmetry of the (5, 5) nanotube (with a
Ceo-half cap) about its axis, it was easy for us to determine the global minimum for a
cluster of five water molecules. In the minimum energy structure the five water mole-
cules form a “crown” on the top of the nanotube (see Fig. 1). Each water molecule in
this crown is tilted with respect to the ideal “down” water configuration for a single
water (see point a) above). However, the resulting loss in interaction energy with the
nanotube tip is almost exactly recovered from the gain in H bonding to the nearest
neighbor waters [27].

e) The adsorbate atoms in all cases are at a distance of 3 A or more from the nano-
tube surface. This strongly suggests that they are being physisorbed. This is supported
by an analysis of charge density in the region between the adsorbate and the nanotube
tip, which is less than 0.004 electrons/A3. Even at a field as large 1 V/A, the changes to
the adsorbate and nanotube structures are small. In particular, the distance between the
adsorbate and the nanotube changes by less than 0.07 A, and the bond-lengths change
by less than 0.01 A. The most significant geometrical change is in the H-O-H angle in

Fig. 1 (online colour). Highest Occupied Molecular Orbital (HOMO) for: isolated nanotube; nano-
tube +1 adsorbed water; and nanotube +5 adsorbed water. Although the position and shape of
the HOMO is not affected significantly by the adsorbates, the energy level and ionization potential
change markedly. See [27] for details
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water, which decreases from 103.7° in £ =0 to 98° on the tube tip at Erpg =1 eV/A.
Such a change in angle leads to only a 0.02 a.u. increase in the dipole moment of water.

f) An analysis of the various interaction energies and the dipole moments of the
nanotube as well as the adsorbates yields the following picture: in the absence of an
electric field, the nanotube has a very small dipole moment. This small dipole has only
negligible interaction with any of the adsorbates. However, under field-emission condi-
tions, the large E-field at the nanotube tip induces a significant dipole moment. This
dipole interacts with the dipole of the adsorbates. Water molecules having a large in-
trinsic dipole moment interact strongly, while H, molecules have only a small field-in-
duced dipole, and therefore a much weaker interaction.

¢) Finally, we have analyzed the HOMO for the isolated nanotube, one water molecule
on the nanotube, and five water molecules on the nanotube (Fig. 1). We find that the
HOMO essentially remains confined to the nanotube tip, and its shape does not change
significantly due to the presence of the adsorbates. However, when the ionization potential
(IP) is computed, it is found to be 0.1 eV and 0.6 eV lower for the one water and five water
case as compared to the adsorbate-free nanotube. This also correlates perfectly to the in-
stability of the HOMO orbital [27]. Thus, electrostatic interactions from the adsorbates
make the HOMO level in the nanotube more unstable, with a corresponding decrease in
the Ionization Potential, thereby lowering the operating voltage for field emission.

3.2 Effect of mechanical deformation and chirality on phase-coherent
transport through nanotubes

This study stems from the interest of using carbon nanotubes as nano-electromechanical
sensors (NEMS). A pioneering experiment in this field is due to Tombler et al. [28], in
which the middle part of the segment of a metallic nanotube suspended over a trench
was pushed with an AFM tip. Beyond a deformation angle of ~10° the electrical conduc-
tance of the tube dropped by more than two orders of magnitude. The effect was found to
be completely reversible, i.e., through repeated cycles of AFM-deformation and tip re-
moval, the electrical conductance displayed a cyclical variation with constant amplitude.

What interested us in this project was the theoretical explanation behind the conduc-
tance drop. The experimental drop in conductance was much higher than the computa-
tionally predicted values for tubes bent under mechanical duress. Such calculations,
using both tight-binding [29] and semi-empirical Extended-Hiickel type approaches [30]
concluded that even under large bending angles the reduction in electrical conductance
was less than an order of magnitude. For AFM-deformed nanotubes, in contrast, O(N)
tight-binding calculations [31] show that beyond a critical deformation several C atoms
close to the AFM tip become sp® coordinated. The sp® coordination ties up delocalized
1t electrons into localized o states. This would naturally explain the large drop in elec-
trical conductivity, as verified by explicit transport calculations.

3.2.1 Simulation setup

We investigated both types of deformation, i.e., deformation with an AFM tip and
bending under mechanical duress. We also wanted to study the effect of tube chirality
on the transport under deformation. To this end we considered a (12, 0) zigzag and a (6,
6) armchair tube, both of which are predicted to be metallic from electronic band-struc-
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ture arguments. For the sake of comparison, we constructed both tubes out of 2400
atoms. For bending simulations, two halves of the tube were then rotated by equal and
opposite angles about an axis perpendicular to the tube and passing through the center
of mass of the initial straight tube. At each end of the tube, a contact region defined by a
unit cell plus one atomic ring (a total of 36 and 60 atoms for the armchair and the zigzag
tube, respectively) was then fixed and the whole tube relaxed with the UFF [14]. The
AFM tip was modeled by a 6-layer deep 15-atom Li-needle normal to the (100) direc-
tion, terminating in an atomically sharp tip [32]. To simulate AFM-tip-deformation, the
Li-needle was initially aimed at the center of a hexagon on the bottom-side of the middle
part of tube. The Li-needle tip was then displaced by an amount ¢ toward the tube along
the needle-axis, resulting in a deformation angle 6 =tan—'(28/L), L being the un-
stretched length of the tube. The whole tube was then relaxed by UFF, keeping the nee-
dle atoms and the end contact regions of the tube fixed. The contact region atoms were
fixed in order to simulate an ideal undeformed semi-infinite carbon nanotube lead, and
to ensure that all possible contact modes are coupled to the deformed part of the tube.
Following the UFF relaxation, a cluster of 132 C atoms for the (6, 6) and a cluster of
144 C atoms for the (12, 0) were cut out from the middle of the tubes. These clusters,
referred to below as the QM clusters (plus the 15 Li-tip atoms in tip-deformation simula-
tions) were further relaxed with Accelrys’ DFT-code DMol?® [10], with the end atoms of
the cluster plus the Li-tip atoms fixed at their respective classical positions. In order to cut
down on CPU requirements, the DFT calculations were performed using the Harris func-
tional [12], and the exchange-correlation potential due to Vosko et al. [33].

3.2.2 Results

The main results can be summarized as follows:

a) For bent tubes, even up to large bending angles (the maximum bending in our
study was 40°), the tubes remained all-hexagonal. Beyond a critical angle (which de-
pends on the size of the tube under study) a “kink” forms at the bottom side of the
middle part of the tube to relieve the large strain. This result is in agreement with
previous simulations using a different interatomic potential [34]. Explicit transport cal-
culations confirmed that the conductance drop is small. Thus, at 40° bending, conduc-
tance for the (6, 6) armchair drops by only 1%. For the (12, 0) zigzag it is somewhat
higher, being around 50%. None of these drops are significant enough for a sensitive
electromechanical device.

b) Surprisingly, even under AFM-deformation, we found that the tubes remain all-
hexagonal and each C atom remains essentially sp>-coordinated. However, conductance
drops are much higher than the bending case, particularly for the (12, 0) zigzag. Thus,
at a deformation angle of 25°, the conductance for the (6, 6) tube drops by 5%, and
that for the (12, 0) tube drops by a whopping four orders of magnitude, see Fig. 2.

c¢) The difference between the two types of deformations can be primarily attributed
to a net elongation of the tube under AFM-deformation, and no net elongation under
bending. Thus, the drop in conductance in the AFM-deformation experiment can be
mimicked in a simpler (gedanken) experiment in which the tube is subjected to a uni-
form tensile strain [35].

d) The difference between the conductance behavior of armchair versus zigzag tubes
can be attributed to the opening of a gap at the Fermi surface for a zigzag tube under
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Fig. 2. Computed conductance (at 7 = 300 K) for the (6, 6) and (12, 0) nanotubes as a function of:
(top) bending; and (bottom) tip-deformation. Under 40° bending conductance of the zigzag tube
drops by a factor of 1.9, while for the armchair tube it drops by only 1.01. Under 25° tip-deforma-
tion, conductance of the zigzag tube drops by four orders of magnitude, while for the armchair
tube it drops only by a factor of 1.05

stretch, while no such gap opens up for an armchair tube. Details are described else-
where [35].

3.3 PmPV-nanotube interaction

Due to excellent mechanical properties of carbon nanotubes, nanotube-reinforced poly-
mers are expected to have many properties superior to regular polymer composites. In
fact, several groups have reported such experimental studies and increase, by as much
as 20%, in both tensile and compressive moduli of an epoxy have been observed [36].
In order to optimize the properties of a polymer—nanotube composite, it is clearly im-
portant to understand the interaction between a nanotube and a polymer. Another
motivation for such a study stems from the difficulty in processing nanotubes due to
their insolubility in standard solvents. Based on their hydrophobic nature it was thought
that nanotubes would dissolve in a hydrophobic solvent such as toluene. However, na-
notubes readily form bundles and sediment out of toluene solution. It has been demon-
strated that nanotubes can be rendered soluble using certain polymer matrices. One of
the well-studied polymers in this regard is the poly(m-phenylenevinylene—co-2,5—dioc-
tyloxy—p—phenylenevinylene) (PmPV) polymer, and a number of significant experi-
ments in this regard have been carried out at the polymer research center, Trinity col-
lege, Dublin [37].

3.3.1 Experimental details

Single wall carbon nanotubes (SWNT) were produced using the arc discharge method.
A solution of the polymer was prepared in toluene to a concentration of 1 x 10~ M.
To the solution, SWNT powder was added for different loading fractions (by mass).
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The composite suspensions were sonicated for several minutes in a low power (60 W)
sonic bath and then allowed to settle for a number of days. The resulting suspension
was decanted from any settled solid. This suspension has been shown to be stable over
indefinite periods (i.e. no subsequent settling of the material has been observed over a
period of months). Raman studies [38] have shown an indication that the polymer-tube
system increases the frequency of the modes by 21 cm~! compared to 14 cm~' for
tube—tube interactions. Using these new amendments, the appropriate diameters have
been calculated for each radial breathing mode (RBM) in the composite. It appears that
the polymer interacts strongly with nanotubes within a diameter range of 1.3—1.5 nm and
weakly with tubes of other diameters [38]. It should be noted that above 2% loading
fraction, this selection process disappears. It is also dependent on the concentration of
polymer in toluene. If the concentration is too high, the polymer aggregates and inhibits
the interaction.

3.3.2 Simulation results and discussion

Previous simulations have shown that a long chain of PmPV polymer in the gas phase
spirals itself into a helical arrangement [39]. This work found two low-energy configura-
tions, with helix diameters 0.9 nm and 1.8 nm, respectively, the larger-diameter helix
being slightly lower in energy. However, there are a few unsolved puzzles along the
way. The inside of the gas phase helix is not “hollow”, but rather stuffed with the
octyloxy side groups. On the other hand, transmission electron microscopy indicates
strong binding between PmPV and nanotubes [40]. However, the interaction of the
polymer with the nanotube is not clear. TEM images have revealed both regular wrap-
ping of the PmPV polymer around the nanotube, as well as structures without much
order, with the later being more common.

As a first step in investigating this rather challenging problem, we considered the
binding of a short segment, i.e., 4-mer of PmPV. For concreteness we chose helical
nanotubes of chirality (12, 7) and (13, 6), both with diameter ~1.3 nm. Chiral nano-
tubes were chosen in order to investigate the idea that the polymer might wrap the
nanotube following the helical arrangement of hexagons on the nanotube surface. From
preliminary molecular mechanics calculations using the COMPASS Forcefield [21] it
appears that the diameter of the nanotube and not its helicity is the determining factor
in the interaction with the polymer. The simulations also revealed that the polymer
backbone provides the strongest binding (109 kJ per PmPV repeat) to the nanotubes,
while the octyloxy side chains have significantly lower binding. Also, the backbone ap-
pears to be rigid in the sense that it costs energy to wrap it helically around the poly-
mer. Rather it wants to run parallel to the nanotube axis, while the flexible side chains
like to adjust themselves to the curvature of the nanotube surface (Fig.3). However,

| peat units) wrapped onto a (12, 7) carbon nano-
; <V tubes in toluene solution. A: top view and B:
s 4 side view. Carbon, hydrogen and oxygen atoms
are shown in gray, white, and black, respec-
tively

l‘ A 1
ol BJ Fig. 3 (online colour). PmPV polymer (four re-
B & g poly
-
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one needs to perform calculations using longer polymeric chains. In particular, it
would be interesting to simulate structures and binding energies of nanotubes inserted
into the helical structures of the pristine PmPV polymer. Such work is currently under-
way.
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