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Single-walled carbon nanotubes (SWCNTSs) have received significant attention from the scientific
community over the past 15 years. Of particular interest is the potential of these macromolecules
for use in molecular electronics, chemical sensory technology, nanobiology, and transition metal
catalysis. For effective applications, the selective functionalization of the aforementioned all-carbon
framework is necessary but has been met with considerable challenges. Herein, we review our
approach to the exploration of structural and electronic properties of SWCNTs within density func-
tional theory (DFT). Our investigations include mechanistic studies on chemical reactions of SWC-
NTs with defect and exploration of transition metal doped variants and their ability to adsorb small

gas molecules.
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1. INTRODUCTION

The discovery of carbon nanotubes (CNTSs) in 1991' and
later, single-walled carbon nanotubes (SWCNTs),? can be
considered two of the most significant contributions to the
field of nanotechnology. Indeed, these unique allotropes
of carbon have been the focus of significant attention in
the scientific community in regards to their preparation,
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purification, and properties.** Both experimentalists and
theorists alike have undertaken the challenge of investi-
gating the utility of these macromolecules in applications
including molecular electronics,”® nanomechanics,'®!!
optics,'> 13 sensors,> '*!® and even catalysis."

The molecular structure of SWCNTSs can be thought of
as an infinite graphene sheet rolled into a cylinder.?*:*!
Figure 1 below illustrates the various means by which a
graphite can be rolled into a nanotube.”> SWCNTs are
typically classified as metallic or semiconducting depend-
ing on the diameter and chirality of the tube.”>? Locally,
each C atom residing in the cylinder exhibits partial sp*
character®® with slight misalignment of 7r-orbitals between
adjacent atoms.??

One prominent use of CNTs is as the filler for poly-
mer nanocomposites.?*?’ These multiphase materials con-
tain a homogeneous dispersion of an ultrafine component™
that can modify the mechanical, electronic, rheological and
thermal properties of the unfilled polymer.?® Much lower
constituent loadings (cf 0.1 wt% or less)® than tradi-
tional fillers (cf. 15-40 wt%) are required to achieve the
same property enhancements.’® Importantly, CNTs have
been shown to impart enhanced rigidity, optical clarity,
and electrical conductivity.*® In fact, polymer matrices
that are insulating but contain conductive nanoparticles
can become conductive above a certain filler concentration
known as the percolation threshold,?® as low as 0.005 vol%
in the case of a SWCNT/epoxy composite.’* Percola-
tion thresholds are’strongly dependent on aspect ratio,”*
dispersion,?*26-27-3! and alignment.?- -2
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Fig. 1. A schematic illustrating the wrapping of a graphene sheet to form a SWCNT. A segment of the (5,5) SWCNT is shown on the left.

Yodh and co-workers®** recently studied the conductiv-
ity thresholds in an epoxy-based nanocomposite and found
that SWCNTs with lower aspect ratios gave higher perco-
lation thresholds.?** This group also showed that disper-
sion affected the observed values by examining the effect
of sonication of the SWCNT/polymer composites prior
to curing.?* Since well-dispersed SWCNTSs have a higher
aspect ratio than aggregates, one might expect that this pre-
treatment should yield lower percolating thresholds,??’
but it is also known that interaction between the filler
particles themselves play a role in the formation of con-
ductive networks,** specifically nanotube-nanotube contact
resistance.’® 32 The effect of alignment in the electrical
conductivity of polymer nanocomposites has also been
investigated, where it is believed that a more ordered
arrangement of the ultrafine phase results in a reduction in
the number of contacts between the nanotubes and hence
an increased percolation threshold.” Indeed, Winey and
co-workers have shown through both experiment and
theory that SWCNT/poly(methyl methacrylate) composites
support this hypothesis.?>?

Because of the large level of delocalization of electrons
in the extended m-system of SWCNTs,? %22 mean free
paths on the order of a micron have been suggested.”
Chemical functionalization can easily disrupt the extended
conjugation and reduce the electrical conductivity along
the axis of the tube. Within a polymer matrix, however,
the dependence of conductance on functionalization can be
reversed, since the steric and electronic properties of the
nanotubes affect aspect ratio, dispersion, and alignment of
the filler (vida supra).®® For instance, amine,*® amide,*
hydroxyl, and carboxyl groups®® have each been success-
fully added to the sidewall of SWCNTSs within a polymer
matrix and imparted improved electrical properties in com-
parison to the isolated macromolecules.

J. Comput. Theor. Nanosci. 6, 1213-1235, 2009

Many groups have attempted to achieve selective func-
tionalization of SWCNTs: tandem fluorination/nucleophilic
substitution,?”-3® carbene addition,* dipolar cycloaddition
of azomethine ylides,** nitrene addition,*! Lewis acid-
catalyzed electrophilic addition,*? dissolving metal reduc-
tion (Billups reaction),” and hydroboration.** Reactivity,
though, is often difficult to control and characteriza-
tion proves equally challenging. Doping is an alternative,
yielding a hetero-SWCNT (HSWCNT). Both B- and
N-doped SWCNTs have been synthesized by thermal
treatment,*> chemical vapor deposition,*® laser ablation,*’
and the arc method,*® but with poor control of doping posi-
tion and concentration.**-3' In 2004, Srivastava et al.>> pro-
posed that a free gas-phase neutral N atom, if brought
into close vicinity with a vacancy in the C backbone, can
induce a substitution process to occur. Later, our group pro-
posed the use of NO as a nitrogen source.”® The doping
of the sidewall of SWCNTs with transition metals, how-
ever, remains to be achieved?> 2493357 despite the fact
that the closely-related transition metal-doped fullerenes
have been prepared.’®%? Cage substitution can take place
by evaporation of pure metals followed by heating®® or
laser ablation.”>® In all of these cases, the energy gap
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
decreases in comparison to Cg, upon the introduction of a
transition metal atom into the cage,®' resulting in higher
conductivity®' and reactivity®® and hence suggests similar
effects for nanotubes.?

We became interested in SWCNTs and their interac-
tion with small molecules because of the rich chem-
istry of these macromolecules. In particular, the unique
reactivity made possible by imperfections in nanotube
structure*”** and doping with a non-carbon atom caught
our attention.?234%:63.64 Gince nanomaterials have the
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Scheme 1. Biosynthesis of NO from (L)-arginine.

potential for application in biological systems, sensory
technology, electronics, and catalysis, their fundamental
chemistry warranted further investigation.

It is worthwhile at this point to discuss the toxicology of
materials at the nanolevel.®*-% The entry of nanosized par-
ticles into biological systems is of concern because these
molecules can persist due to inability of metabolism by
macrophages. Their interaction, however, depends strongly
on the particle size, surface charge, and surface area,
each of which affects the agglomeration of particles and
in turn the diffusion of these species through biological
environments.®® The main mode of toxicity is believed
to be oxidative stress induced by the generation of reac-
tive oxygen species (ROS).%>%-70-"2 Because of the often
extended nature of nanomaterials, the presence of ultravi-
olet light may induce the formation of an electron-hole
pair and the subsequent creation of a radical that can oxi-
dize molecular oxygen to superoxide, for instance. These
types of processes can also take place through electron-
active groups either due to defects or surface coatings.®
Over time, the accumulation of ROS depletes the natu-
ral antioxidant defenses such as glutathione,”” and force
cells to respond by more drastic measures.”’~* Cytotoxi-
city of carbon-based nanomaterials has been observed for
human skin fibroblasts,”* macrophages,” ™ and develop-
ing zebrafish embryos.”” While no clinically relevant toxi-
city has been reported,* the concern among researchers is
a real one.

Toxicology aside, nanomaterials truly have great poten-
tial benefits as well. Consider NO for a moment. Nitrogen
is one of the most important elements in biological
systems’® and among its seven known oxides, nitric oxide
deserves special attention. Despite its reputation as the
toxic culprit for destroying ozone, causing cancer, and
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fostering acid rain, this startlingly simple molecule is
the central linkage between neuroscience, physiology, and
immunology. Appropriately, it was named “Molecule of
the Year” in 1992 after its biosynthesis in mammalian
cells and its relevance in a number of physiological roles
was recognized in the late 1980s.”-% In fact, NO is the
smallest and lightest molecule known to act as a biolog-
ical signaling molecule in the body and is important for
learning and memory,®' blood pressure regulation,®'-** skin
homeostasis,®® inflammation,® and metastasis.®> The gen-
eration of the gaseous free radical NO in physiological
systems is easily accomplished via the five-electron oxida-
tion of arginine (Scheme 1),*-% and can inhibit metabolic
pathways directly by binding to transition metal centers,"’
as well as combine with molecular oxygen to give other
reactive species including the hydroxyl radical, nitrogen
dioxide,” and peroxynitrite.**-8!-87

If future nanodevices will be implanted into biologi-
cal systems, it may interact with the biocycles of NO.
The ability to adsorb NO would be important because it
would reduce the concentration near the proximity of the
material and can be either beneficial or dangerous depend-
ing on the site of activity. The release of NO is also
significant, illustrated through recent research aimed at
chemically-designed drugs (Fig. 2),% zeolites,** or even
Pt nanoparticles;”® CNTs would be an alternative.

The interaction with small molecules may further be
enhanced in the case of transition metal-doped nanotubes
since it is well known that metal surfaces and organometal-
lic complexes alike can bind small molecules.” Apart
from applications in biology, nanomaterials may also act
as sensors. Namely, since the adsorption of gases onto the
HSWCNT would result in a charge transfer®®®” and con-
ductivity variation,*’ the observed conductance can be used
as an analytical parameter. Although the idea of using nano-
tubes as sensors for gases is not new,”'% expansion of the
scope to simple molecules such as CO, H,0, and H, *7'*!
has attracted the attention of research groups around the
world. In fact, while dispersion of Pd nanoparticles onto
the surface of SWCNTs,* doping with B and N.”” and
physical deformation of the suprastructure'®' have all been
considered, our hypothetical HSWCNTSs could also work.
Furthermore, since adsorption would represent a reversible
electronic tuning of nanotubes, employment in nanoelec-
tronics are possible as well.

_NO 1
e NG: NOCN ;
+ /3 ,\
2 Na" | yerPesey
B CN
NO,

sodium nitroprusside

pentaerythrityl tetranitrate

Fig. 2. Clinically used NO donor drugs.
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Fig. 3. 5-1DB defected SWCNT.

In this review, we will show some results from our stud-
ies of the structure and electronic properties of defected
and doped SWCNTs and their chemical reactivity with
small gas molecules. Such investigative efforts should con-
stitute the first step towards a microscopic understanding
of the toxicology of nanomaterials in the human body
and the development and discovery of new materials with
exciting applications in the real world.

2. SWCNTs
2.1. Models and Computational Details

The (5,5) armchair metallic SWCNT was used as a
model for all computations. For the investigation of the

(¢) HOMO of C . H,; (-4.21 eV)

Chemistry of Single-Walled Carbon Nanotubes

active C atom

*d- : -9 o 3l
PR AASS
RERSE R RS
» J:

(b) Top view of the 5-1DB defect

0.03
-0.12 J" O -0.00
015 ¢ 7) 0.02
-0.06 ‘R " & 0.01
-0.01 @+ -0.02
active C atom
(d) Partial charges of active region (C,H,)

defected SWCNT, a segment containing 200 carbon atoms
and 20 capping hydrogen atoms was chosen (C,yHa).
A single vacancy was then created by removal of a sin-
gle carbon atom, yielding a metastable conformation with
three dangling bonds (DBs).>® Geometry optimization was
achieved sequentially with the semiempirical MNDO-PM3
method,'?* followed by the hybrid Hartree-Fock/density
functional theory (DFT) method B3LYP'*-'% with Pople’s
6-31G basis set.'%' The nine-membered ring surround-
ing the defect was considered to be the chemically active
region and modeled appropriately with a CoHg fragment
for the higher layer of a two-layered ONIOM model,'"’
treated at the B3LYP/6-31G(d) level of theory. All other
carbon atoms in the lower layer were treated by the uni-
versal force field (UFF).'"!

B

(b) LUMO of CH, (-2.78 V)

” ﬁ‘
:
" il

(d) HOMO of C,H, (-4.79 V)

Fig. 4. FMOs of C g H,, and higher-layer model CyHy. Orbital energies are in parentheses.
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For doped SWCNTs, we chose Pt for our investiga-
tion due to its prevalence in well-defined organometal-
lic complexes,''*'!* as well as the ability of Pt surfaces
to adsorb small gaseous molecules.”'*%-'> Two such
models were selected: a C,,, fragment with Dy, symme-
try and hemispheric caps,”® and a C;H,, fragment ter-
minating with H atoms.”** A single atom was removed
from the sidewall and replaced with a Pt atom to give
C,4Pt and CgoH,Pt, respectively. For the former system,
DFT calculations were performed using Becke’s exchange
(B)"' and Perdew’s correlation functional (PW91)''"-!'®
with the 6-31G %1% basis set for the C atoms and the
relativistic 18-electron Los Alamos National Laboratory
effective core pseudopotential''® with basis 3s3p2d for
the Pt atom. B3LYP'®-1%5 with the smaller LANL2MB'"®
basis set was used for geometry optimizations, followed by
refinement with the larger LANL2DZ basis. For C¢oH,,Pt,
the exchange-correlation density functional of Perdew,
Burke, and Ernzerhof (PBEPBE)'*’ was employed using
the same basis sets. Natural bond orbital (NBO) analyses
were accomplished with Gaussian NBO Version 3.1,'2!- 12
while density of states (DOS) and local DOS (LDOS)
studies were performed using PyMOlyze.'* All other

Yeung et al.

calculations were done with the Gaussian 03 quantum
chemical package.'*

2.2. Defected SWCNT Rods

The formation of a single vacancy along the backbone of
Cy0H,o gave a structure where a single C remains out-
side the sidewall surface of the SWCNT (C,99H,,) which
we will herein refer to as the active carbon (Fig. 3). The
defect is classified as 5-1DB because it contains one five-
membered carbon ring and one with a dangling bond. As
anticipated, only the position of the carbon atoms in the
close vicinity of the defect were affected.”® Because of
the protrusion of this atom to the exterior of the side-
wall, it should allow for unique reactivity with incoming
molecular or atomic species because of a smaller steric
hindrance.'*-1?’

Single-point energy calculations revealed that the
HOMO-LUMO gap decreased from 1.38 to 0.84 eV upon
the introduction of the defect, suggesting a destabiliza-
tion of the HOMO and stabilization of the LUMO. The
HOMO contains a large contribution from the lone-pair of
electrons on the active carbon atom and the 7r-bonds of
the other atoms within the nine-membered ring highlighted

1000 T T T T T

HOMO

800 LUMOE

f
AL

et

DOS (statesioV)

'
2 A
s A '

s u-"'n,‘ia-'n..a..-.‘*.._""‘i\_h’_'\' A,

Energy (eV)

Fig. 5. Optimized geometry, DOS, and LDOS of CyyHy (81omo = —4-35 €V, & yuo = —2.97 V). L1-L4 are the LDOS for each specified layer of

atoms as marked on the diagram.
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Fig. 6. Optimized geometry, DOS, and LDOS of C,5H,, (£opo = —4.21 €V, & yyo = —3.37 eV). L1-L4 are the LDOS for each specified layer of

atoms as marked on the diagram.

in Figure 3(d), considered to be the active region in
the macromolecule as validated by the frontier molecular
orbitals (FMOs) and the LDOS (Figs. 4-6).%°

Taking the nine-atom CyHg as a model of the 5-1DB
defect, our ONIOM model predicted interaction with the
small molecule NO via the pathway shown in Figure 7.%
A NBO analysis revealed occupation of an sp*°'-orbital
with 1.51 electrons and a p-orbital with 0.51 electrons on
the active carbon and an overall charge of 0.149. Indeed,
the O-end attack produced an appropriate transition state
where it is the electrostatic effect that appears to be of
the greatest importance, producing the first intermediate,
LMI1. The barrier to this process is merely 8.6 kcal mol~".
In a classical sense, this type of reaction can be considered
to be the result of interaction between the singly-occupied
molecular orbital of NO with the HOMO of the defected
SWCNT.*

With the formal adsorption of NO via bond formation
between Cl1 and O and between C2 and N, an inser-
tion then takes place on the pentagon, resulting in the
elongation of the C2-C3 bond length and the release of a
further 73.3 kcal mol~'. Finally, the C1-O bond is cleaved
in favor of the formation of a CI-N bond, yielding an
N-oxide radical with the N filling the single vacancy that
was removed. This product is 90.0 kcal mol~' more stable

J. Comput. Theor. Nanosci. 6, 1213—1235, 2009

than the reactants and suggests that the net reaction of NO
with C,goH,, is thermodynamically feasible.*

In the presence of excess NO, however, a further reac-
tion may take place. The length of the N-O bond is 1.41 A
in LM3, with the unpaired electron localized mainly on the
O atom, exhibiting a —0.574 partial charge. The electron
density on the O atom appears to direct a second molecule
of NO to interact with C1 via the N atom to ultimately
give a molecule of NO, bound to C1 with a bond length
of 1.64 A between C1 and the adsorbate. The formation
of the final product is exothermic from the NO-SWCNT
complex (78.3 kcal mol~') through a very low barrier
(3.7 kcal mol™!'). It is the case, therefore, that NO acts
as a reducing agent to remove the O atom and yield NO,
and a N-doped SWCNT through a one-step reaction. The
HOMO-LUMO gap for this final product is only 0.74 eV,
decreased from both the perfect and defected SWCNTs.>

2.3. Pt-Doped SWCNT Rods with Fullerene Caps

The substitution of a single C atom with Pt is possi-
ble in three distinct manners for the SWCNT segment
with fullerene caps (Fig. 8): cap-end-doped C,Pt(ce),
cap-doped C,¢Pt(c), and wall-doped C,¢,Pt(w).?? Geom-
etry optimization reveals that the transition metal tends
to protrude to the ‘exterior of the sidewall of the nano-
tube, adopting a conformation where the three nearest

1219
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Fig. 7. Optimized geometries (with distances in A) and energy profiles (with energies in kcal mol™') for the reaction of the defected SWCNT

with NO.

neighbor C atoms are positioned in a tripod-like fashion.
At the BPW91/6-31G level of theory, C,,Pt(ce) is the
most stable of the three, where the energies of C,4Pt(c)
and C,,Pt(w) are 0.8 and 17.9 kcal mol~', respectively,
above that of C,Pt(ce). In all scenarios, the singlet elec-
tronic state was found to be lower in energy than the
triplet, suggesting that the ground state of the nanorod is
singlet.”?

1220

The optimized geometry, DOS, LDOS, and relevant
molecular orbitals (MOs) of C,,Pt(ce) are shown in
Figures 9 and 12. The Pt and C atoms at the cap end are
separated by 2.01 A (cf. 1.73 A for the isolated PtC mole-
cule®®). We suspect that the reason for the low energy of
C,Pt(ce) is the relaxation of the constraint on the cap
through doping. However, significant distortion of the
SWCNT can be clearly seen on the pentagons and

J. Comput. Theor. Nanosci. 6, 1213-1235, 2009
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Fig. 8. Optimized geometry, DOS, and LDOS of C,,, with Dy, symmetry (&yomo = —4.61 €V, & o = —4.26 V). L1-L4 are the LDOS for each
specified layer of atoms as marked on the diagram.
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each specified layer of atoms as marked on the diagram.
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Fig. 10. Optimized geometry, DOS, and LDOS of C,,Pt(c) with C; symmetry (om0 = —4.48 eV, & o = —4.25 eV). L1-L9 are the LDOS for

each specified layer of atoms as marked on the diagram.

hexagons around the Pt atom. Interaction of the 5d atomic
orbitals of Pt also has a clear impact on the electronic struc-
ture of the system in comparison to the undoped nanorod
(see Fig. 8) as deduced by the changes in L1 and L2 in
Figure 9. The presence of the Pt atom also allows for
the formation of weak pm—dm bonds with neighboring
C atoms.? Evidently, C,Pt(c) is very similar in both
geometry and electronic structure to C,¢Pt(ce) (Figs. 10
and 13) with the exception of a change in the bond dis-
tances between Pt and neighboring C atoms: here, the
bond distance between Pt and the C of the cap pen-
tagon is 1.97 A, while the other two bond distances are
2.00 A2

In the case of the wall-doped C,¢Pt(w), both the geo-
metric and electronic structure are different from either
variant of the cap-doped HSWCNT. Drastic changes in
the LDOS can be easily seen by comparing L2 and L3
in Figure 11 with the corresponding layers in Figure 8.
The MOs also show differences (Fig. 14). This case gives
the smallest HOMO-LUMO gap of the three (0.20 eV, cf.
0.30 eV for C,Pt(ce) and 0.23 eV for C,¢,Pt(c)).?

2.4. Pt-Doped SWCNT Rods with Hydrogen Caps

With the shorter CqoH, Pt segment (Fig. 15), geometry
optimization yielded data in strong agreement with the
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wall-doped fullerene-capped C,¢Pt nanorod. The Pt-C
distances are 1.94, 1.94, and 2.01 A and a positive charge
of 0.83 remains on the Pt center. The HOMO-LUMO gap,
however, has increased to 0.74 eV. Regardless, a clear
analogy between the MOs of this segment and the wall-
doped C,¢,Pt(w) can be easily seen (see Figs. 14 and 16).”

3. GAS ADSORPTION ONTO
METAL-DOPED SWCNTs

3.1. Adsorption of Carbon Monoxide

We first examined the adsorption of CO onto a Pt-
doped SWCNT,* a gas that plays a significant role both
in discrete organometallic complexes''® %128 and metal
surfaces.”’92 The possibility of C-end adsorption (giving a
CO-adsorbed HSWCNT) and O-end adsorption (giving an
OC-adsorbed HSWCNT) were both considered (Fig. 17).”

The adsorption resulted in the release of 41.23 kcal
mol~' for C-end adsorption and 6.98 kcal mol~' for O-end
adsorption (Table I),” in agreement with classical coordi-
nation chemistry where the lone pair of electrons on the
C atom donates into a metal d-orbital, causing a backdo-
nation to the 7r*-orbital of the adsorbate. The optimized
geometry of the CO-adsorbed HSWCNT revealed a slight
lengthening of the C=0 triple bond from 1.18 A in the

J. Comput. Theor. Nanosci. 6, 1213-1235, 2009
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Fig. 12. Relevant MOs of nanorod C,,Pt(ce) with C; symmetry. Orbital energies are in parentheses.

HOMO-1 (~4.79 eV)

LUMO+2 (~3.82 eV)

HOMO-6 (-5.71 eV)

HOMO (-4.51 eV)

LUMO+4 (-3.57 eV)
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LUMO+1 (-4.00 eV)
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LUMO+2 (-3.75 eV)

LUMO+4 (-3.56 eV)

Yeung et al.

LUMO+1 (~4.06 eV)

LUMO+5 (-3.39 eV)

Fig. 13. Relevant MOs of nanorod C,Pt(c) with C, symmetry. Orbital energies are in parentheses.

LUMO+3 (-3.63 eV)

Fig. 14. Relevant MOs of nanorod C,¢Pt(w) with C; symmetry. Orbital energies are in parentheses.

L&

.

Fig. 15. Optimized geometry of C4H,,Pt (a) perpendicular and (b) par-
allel to the nanotube axis.
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free gas to 1.19 A and a net charge of —0.12 on the
CO molecule. In comparison, the OC-adsorbed HSWCNT
showed a C=0 bond length of 1.18 A and a net charge
of —0.02 on the adsorbate. The HOMO-LUMO gap was
0.66 eV. All of these evidences suggest a smaller influence
of CO on the electronic structure of the HSWCNT with
the reversed adsorption configuration.”

Since Pt complexes can typically host up to six coor-
dination ligands, we decided to probe at the possibil-
ity of multiple adsorption. We successfully identified a
structure with two molecules of CO attached to the Pt

J. Comput. Theor. Nanosci. 6, 1213—-1235, 2009
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HOMO-4 (-5.32 eV) HOMO-2 (-4.89 eV) HOMO-1 (-4.41 eV)

283
o9 e
HOMO (-4.08 eV) LUMO (-3.35 eV) LUMO+1 (-3.34 eV)

LUMO+2 (-2.94 eV) LUMO+3 (-2.67 eV)

Fig. 16. Relevant MOs for ground state Cg,H,,Pt. Orbital energies are in parentheses.

center through C-end adsorption (Fig. 18). The (CO),-  the Pt and C atoms). The overall process is energetically
adsorbed HSWCNT segment was formed with a fur- downhill from the bare Pt-doped SWCNT but uphill from
ther release of energy (36.83 kcal mol~'/molecule CO)  the doubly-adsorbed intermediate.*’

and displayed almost identical orientation of both adsor-
bates, albeit with increased Pt—C distances (2.00 A) and
decreased net charges (—0.05/molecule CO).” For the
case of triple adsorption, we could only locate a struc-  In light of the ability of a HSWCNT to adsorb molecules
ture that was similar geometrically to the (CO),-adsorbed of CO,* we investigated alkylplatinum complexes through
HSWCNT but displayed a third molecule of CO interact-  DFT. Alkylplatinurn complexes are well-precedented in
ing weakly with the nanotube itself (c¢f. 3.13 A between  the literature'*'3! but since our system was novel,

3.2. Comparison with Alkylplatinum Complexes

J. Comput. Theor. Nanosci. 6, 1213—1235, 2009 1225
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(b) OC-adsorbed HSWCNT

Fig. 17. Optimized geometries for the adsorption of CO onto the HSWCNT. From left to right, these are views perpendicular to the nanotube axis,

along the axis, and a 3D perspective.

we examined all possible trimethylplatinum species of
formulae PtMe;(CO)"* with x between O and 3 and
n ranging from —3 and 1 (Fig. 19 and Table II).”

By geometry and account of the fact that a partial charge
of 0.83 resides on the Pt atom for the bare HSWCNT,
PtMe,(CO); was chosen for comparison purposes.? Inter-
estingly, triple adsorption is possible in this case. The lim-
itation of double adsorption for the nanotube is thus likely
due to the bulk of the supramolecular framework and a
HOMO with decreased electron density in the vicinity of
the Pt atom (Fig. 20).%

3.3. End-on Adsorption of Nitrogen-Based
Gases: Nitrogen Monoxide,
Ammonia, and Dinitrogen

We considered the adsorption of NO next (Fig. 18), which
exists as a ground state doublet. The interaction between
NO and Pt surfaces has been investigated,'**'3> but the
use of this gas as a ligand is much less general (note that
NO* and NO~ are both prevalent ligands in complexes).
With the doublet state of the adsorbate, spin selection rules
dictate that the resulting complex must have an electronic
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state of doublet (from singlet or triplet Pt-doped SWCNT,
denoted doublet-s and doublet-#, respectively) or quartet.
In all cases, the quartet was of higher energy than the dou-
blet states (—46.97 and —56.49 kcal mol~' for doublet-s
and doublet-7, respectively).* The Pt center now bears a
charge of 0.99, while the N atom exhibits a charge of
—0.21 and the O atom —0.18. The HOMO-LUMO gap
increased to 0.84 eV.*> Multiple adsorption was also con-
sidered but the interaction of two molecules of NO with
the HSWCNT occurred in an unsymmetrical fashion. In
this case, one of the O atoms clearly points away from the
nanotube (Fig. 21).*> Adsorption of three NO molecules
was not considered.

Another small molecule we investigated was NH;,
a common stabilizing ligand for a number of Pt comp-
lexes.'3-13% Heterogeneous Pt surfaces have also been
shown to interact with this gas in the industrial oxida-
tion of NH; to NO.'** Unlike CO and NO, however, there
is no low-lying 7*-orbital and backbonding is thus less
likely to occur. The optimized geometry of a NH;-adsorbed
HSWCNT CgH, Pt(NH;) revealed that the adsorption
energy was —31.79 kcal mol~' and the HOMO-LUMO
gap was 0.73 eV. The interaction, however, appears to

J. Comput. Theor. Nanosci. 6, 1213—-1235, 2009
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Table I. Binding energy and geometrical data for nanotube-adsorbate complexes CgoH,,Pt(XY) with end-on binding motif.

Adsorbate Spin state AE* d(PtX)" d(XY)" q(Pt)? q(XY)* q(Cy
None* Singlet 0 0.82 —0.41
Triplet 0 0.84 —0.49
COos" Singlet —41.23 1.97 1.19 0.85 —0.12 —0.43
Triplet —33.09 1.96 1.20 0.83 —0.15 —0.46
ocs:! Singlet —6.98 2.42 1.18 0.87 —0.02 —0.41
Triplet —6.78 2.35 1.19 0.88 —0.06 —0.45
(COp" Singlet L7367 2.00, 2.00 1.19, 1.19 0.83 —0.05, —0.05 —0.49
Triplet —58.95 2.00, 2.00 1:19, 1:19 0.78 —0.02, —0.02 —0.49
(CO)! Singlet —71.35 1.98, 2.00, 3.13 1.19, 1.19, 1.19 0.77 0.01, —0.01, —0.06 —0.37
Triplet —73.74 2.03, 2.03, 2.41 1.18, 1.18, 1.19 0.76 0.05, 0.05, —0.13 —0.46
NO* Doublet-s —46.97 1.91 1.24 0.99 —-0.39 —0.39
Doublet-t —56.49 1.91 1.24 0.99 —0.39 —0.39
Quartet —46.17 2.00 1.25 0.95 —0.38 —0.34
ON" Doublet-s —23.18 2.14 127, 0.98 —0.37 —-0.34
Doublet-# —32.71 2.14 127! 0.98 —0.37 —0.34
Quartet —29.99 212 1.29 1.00 —0.44 —-0.33
(NO)4 Singlet —69.94 2.10, 2.12 1.24, 1.24 0.99 —0.24, —0.28 —0.36
Triplet —77.75 212212 1.24, 1.24 0.99 —0.25, —0.25 —0.35
NH; Singlet -31.79 2:25 N/A 0.88 0.18 —0.44
Triplet —31.28 223 N/A 0.87 0.18 —0.50
(NH, ), Singlet ~57.10 2.27, 227 N/A 0.92 0.18, 0.18 —0.48
Triplet ~55.30 2.26, 2.26 N/A 0.86 0.19, 0.19 —0.49
N_i Singlet —24.72 2.08 1.16 0.91 —0.14 —0.41
Triplet —25.90 2.05 1.16 0.91 —0.18 —0.44
(N, Singlet —43.91 2.16, 2.16 1.16, 1.16 0.93 ~0.09, —0.09 —0.42
Triplet —41.68 2.16, 2.16 1.16, 1.16 0.89 —0.09, —0.09 —0.41

“Total stabilization energy (in kcal mol~'). ?Distance (in A) between Pt and X of XY. “Distance (in A) between X and Y of XY. ¢Partial charge on Pt. “Net partial charge
on XY. /Net partial charge on the C atoms of the SWCNT adjacent to Pt. ¢Ref. [20]. "(XY), refers to an n X-end adsorbed HSWCNT fragment. End-on adsorption.

o

be weaker since the distance from Pt to N was 2.25 A
(Fig. 18). We also found that the charge on the N atom
was —1.13 and approximately 0.44 was present for each
of the H atoms in NH;. Thus, a net o-donation appears
to be occurring from the adsorbate to the SWCNT.** Two
molecules of NH; were also shown to effectively adsorb
onto the Pt center of this macromolecule with an energy
change of —57.10 kcal mol~". In agreement with the obser-
vation for (CO),-adsorbed HSWCNTs, the energy released
per molecule decreased likely due to an increased steric
effect between the two adsorbates.*

We then turned our attention to adsorbates that have no
inherent polarity because these may also be important as
analytes. N,, in particular, has been the focus of much
attention due to its role in the industrial fixation of nitro-
gen via the Haber-Bosch process. Interaction of a transi-
tion metal with N, can take place either through an end-on
fashion with the N atom acting as a o-donor to the metal,
which typically requires the metal to be low-valent.'*
Side-on binding is also possible."! To our surprise, the
structures of both end-on- and side-on-bound N, con-
verged to give a geometry with an end-on-binding motif
with the seventy-atom fragment (CgoH,oPt). The energy
that was released upon this adsorption was much less
than CO adsorption (—24.72 kcal mol~'), not unexpected
because of the nonpolar character of the adsorbate. The

J. Comput. Theor. Nanosci. 6, 1213—1235, 2009

observed N=N distance was lengthened only slightly from
1.15 A in the free gas to 1.16 A in this complex (Fig. 18).
Interestingly, the net charge on the N, molecule was
—0.14, signifying a net donation of electrons from the Pt
center to the oncoming ligand.** We were also able to
identify a doubly adsorbed complex as in the case of CO
and NO. In this scenario, though, the energy released per
molecule of N, (—21.96 kcal mol~") was much closer to
that of single adsorption (—24.72 kcal mol~'). One pos-
sible explanation for this observation is that the weaker
interaction between Pt and the adsorbate results in a
smaller steric repulsion between the two N, molecules.
The calculated HOMO-LUMO gap for this complex was
0.81 eV.

3.4. Adsorption of Hydrogen Gas

From the above studies, it is clear that the incorporation of
Pt into the sidewall of the SWCNT allows unique interac-
tions with gases that are otherwise not possible. We then
decided to examine the possibility of side-on adsorption,
first examining the interaction of the HSWCNT with H,
(Fig. 22 and Table III). Indeed, the activation of H, with
Pt has found tremendous application in organic synthesis
in regards to the hydrogenation of alkenes and alkynes.
Our Pt-doped SWCNT is unique in the sense that it sits
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‘/ 313A
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(g) ON-adsorption

'3“/ 227A

(i) (NH,),-adsorption (k) N,-adsorption

Fig. 18. Optimized geometries for end-on adsorbed HSWCNTs.
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(c) QC-adsorption?
1.24 A

(f) NO-adsorption
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Table II.  Summary data for model compounds and nanotube-adsorbate complexes.

Species AE¢ d(PtC)? d(CO)* q(Pt)? q(CO)* q(C)
PtMe? 0 0.83 —2.13
PtMe,(CO)* —28.11 2.04 1507 0.84 0.09 —-2.22
PtMe;(CO); —55.41 2.05, 2.05 El7g 1131 0.79 0.14, 0.14 —2.34
PtMe,(CO)7 —81.90 2.05, 2.05, 2.05 1 TE A7) 11l 176 0.74 0.17, 0.17, 0.17 —2.47
PtMe, 0 0.60 —2.63
PtMe;(CO) —41.19 1.93 1.19 0.68 —0.05 —2.71
PtMe4(CO), —63.47 1.96, 1.96 1:19; 1.19 0.75 —0.05, —0.05 —2.70
PtMe,(CO); —70.64 1.98, 1.98, 2.40 1.19, 1.19, 1.20 0.75 0.00, 0.00, —0.17 —2.65
PtMe; 0 0.31 —3.01
PtMe,(CO)~ —64.41 1.87 1.21 0.53 —0.17 —3.18
PtMe,(CO); —67.27 1.91, 1.92 1520750522 0.77 —0.25, —0.35 —3.03
PtMe,(CO)5 —71.30 1.92, 1.93;:2.97 120 1:215:1:21 0.76 —0.27, —0.22, —0.22 —2.94
PtMe3~ 0 —0.48 -3.10
PtMe,(CO)* —66.81 1.88 1.23 —0.15 —0.40 —3.20
PtMe;(CO)3~ —86.15 1.91, 2.03 1:28531:25 0.65 —0.55, —0.56 —3.24
PtMe,(CO)3~ —107.55 1.98, 2.00, 2.72 1.23, 1.24, 1.24 0.65 —0.43, —0.44, —0.45 -3.11
PtMe;~ 0 —1.57 -3.02
PtMe,(CO)*~ —71.74 1.88 1.23 —1.12 —0.38 -3.19
PtMe;(CO);~ —93.82 1.91, 2.08 1.26, 1.26 0.08 —0.60, —0.73 —3.36
PtMe,(CO);~ —130.61 2.14,2.15, 2:15 1.25, 1.26, 1.26 0.21 —0.55, —0.55, —0.55 —3.25
Pt-doped SWCNT* 0 0.82 —0.41
CO-adsorbed HSWCNT* —41.23 1.97 1.19 0.85 —0.12 —0.43
(CO),-adsorbed HSWCNT* —73.67 2.00, 2.00 1.19, 1.19 0.83 —0.05, —0.05 —0.49

aTotal stabilization energy (in kcal mol~"). bDistance (in A) between Pt and C of CO. “Distance (in A) between C and O of CO. “Partial charge on Pt. “Net partial charge

on CO. /Net partial charge on the C atoms adjacent to Pt. #Singlet.

HOMO (—4.08 eV) LUMO (-3.35 eV)

(a) Pt-doped SWCNT

HOMO (-4.33 eV) LUMO (-3.75 eV)

(¢) CO-adsorbed Pt-doped SWCNT

] L
@ 9
LY
9 ) s
e
HOMO (—4.43 eV) LUMO (-3.66 eV)

(e) (CO),-adsorbed Pt-doped SWCNT

Fig. 20.
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HOMO (-12.23 eV)

LUMO (-8.90 eV)

(d) PiMe,(CO)*

R~ g

HOMO (-12.17 eV) LUMO (-9.00 eV)

(f) PtMe,(CO),*

Frontier MOs for the alkylplatinum complexes and Pt-doped SWCNT. Orbital energies are in parentheses.
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(b) View perpendicular to nanotube axis

(a) View along nanotube axis

:

(c) HOMO (—4.55 eV) (d) LUMO (-3.82 V)

Fig. 21. (NO),-adsorbed HSWCNT. Orbital energies are in parentheses.

between the two extremes of heterogeneous and homoge-
neous activation of small molecules

The larger C,,Pt nanorods were examined initially.”
Interestingly, the location of the Pt atom had a drastic effect
of the adsorption of H,. In the case of both cap-doped
HSWCNTs, the net process appeared to be physisorption
with a relatively weak interaction between the Pt atom and
the adsorbate. Only approximately 2.0 kcal mol~' of energy
was released in these cases, yielding geometries where the
H-H distance was not significantly altered from that of
free H,. However, C,4,Pt(w) was found to interact strongly
with H, and result in chemisorption and a formal oxidative
addition taking place. The energy released for this process

216 A

M ; M
a) H,-adsorption

Fig. 22. Optimized geometries for side-on adsorbed HSWCNTs.
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was close to 10.0 kcal mol~!, almost five times that of the
physisorption on the cap-doped HSWCNTs. Here, the dis-
tance between the H atoms has increased to 1.70 A.?2

In comparison, the smaller fragment CgoH,,Pt also
yielded a geometry similar to that observed for C,sPt(w)
and resulted in the chemisorption of H, (ca. 2.16 A sepa-
ration between the two H atoms). The energetic preference
for this reaction was —11.32 kcal mol~' for the ground
state. In this case, the HOMO-LUMO gap was 0.70 eV
with a charge of 0.77 on the Pt atom and —0.34 on the
adsorbate.*’

3.5. Adsorption of Ethylene

The hydrogenation of alkenes and alkynes using transition
metals as an activator also typically requires an interac-
tion of the substrate with the surface. The simplest two-
carbon alkene is ethylene (C,H,) and has been studied
in regards to the difference between physisorption and
chemisorption.'*?

With the larger Pt-doped nanorods, physisorption was
observed to occur with Pt—C distances of approximately
2.30 A. The strength of interaction as gauged by the length
of the C=C bond seems to suggest a weaker adsorption at
the caps (1.40 A for C,4Pt(ce), 1.41 A for C,¢Pt(c)) than
the sidewall (1.42 A for C,Pt(w)) but clearly shows the
effect of the transition metal (¢f. 1.35 A for the free gas).
A close analysis of the energy changes associated with
the physisorption process reveals that C ¢ Pt(w) has the
strongest interaction with C,H,.?> These distances are in
agreement with those reported for the adsorption of ethy-
lene onto an Ir-doped fullerene.'*

We confirmed that a molecule of C,H, can also inter-
act with the Pt center of CgH,,Pt. The amount of energy
released, however, was only —26.43 kcal mol~' for the
singlet electronic state (the HOMO-LUMO gap increased
to 0.88 eV). The C=C distance was 1.43 A in this case

1.32A

c) C,H,-adsorption
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Table III.  Binding energy and geometrical data for nanotube-adsorbate complexes CgoHyoPt(X,) with side-on binding motif.

Yeung et al.

Adsorbate X Spin state AE“ d(PtX)" d(XX)" q(Pt)? q(X,)° q(C)
None* Singlet 0 0.82 —0.41
Triplet 0 0.84 —0.49
H, H Singlet —11.32 1.66, 1.68 2.16 0.77 —0.34 —0.33
Triplet —6.02 1.66, 1.66 2.19 0.74 —-0.34 —0.43
C,H, CH, Singlet —26.43 2.31, 2.20 1.43 0.95 —0.25 —0.35
Triplet —24.74 2.31, 2.30 1.42 0.92 —0.16 —0.37
GC,H, CH Singlet —31.36 2.13, 2.10 1532 0.98 —0.38 —0.34
Triplet —25.29 2.19, 2.15 1.30 0.92 -0.27 —-0.31

aTotal stabilization energy (in kcal mol™"). bDistances (in A) between Pt and each X of X,. “Distance (in A) between X and X of X. dPpartial charge on Pt. “Net partial
charge on X,. /Net partial charge on the C atoms of the SWCNT adjacent to Pt. ¢Ref. [23].

(Fig. 22 and Table III). A net charge of —0.25 on the
adsorbate was found by NBO analysis.*’

3.6. Adsorption of Acetylene

Having completed the investigation of the adsorption of
ethylene, we turned to acetylene (C,H,), a small gas
molecule that plays a significant role in the chemical
industry.”>'"> In fact, the utilization of a Pt surface for
hydrogenation often results in the direct production of
ethane.®>- 4145 Alkynes have also been shown to inter-
act with transition metals both through weak donations of
ar-electrons of the adsorbate to the metal and more pro-
found interactions that result in the oxidative addition of
the transition metal, giving a metallocyclopropene.

With the smaller H-terminated SWCNT fragments, we
found that the adsorption of C,H, resulted in the liberation
of 31.36 kcal mol~! for the ground state configuration and
lengthened the C=C distance from 1.23 A in the free gas
to 1.32 A (Fig. 22 and Table IIT). The HOMO-LUMO gap
in this case was similar to that of ethylene at 0.88 eV and
a net charge of —0.38 was found on the adsorbate (the Pt
center bore a charge of 0.98). The separation between the
Pt atom and either C atom was approximately 2.15 A and
we can safely say that the interaction approaches that of
a metallocyclopropene, i.e., chemisorption. Furthermore,
the terminal C—H bonds were no longer co-linear with the
C=C bond but instead were bent. The adsorption process
hence induces a rehybridization of the C atoms from sp to
almost sp*.%

3.7. Proposed Applications

With the model SWCNTSs and a brief examination of the
interaction with gas molecules, we herein propose several
applications of these macromolecules.

In regards to the defected SWCNTs, the ability to
adsorb dissolved NO in biological systems certainly pro-
vides promise for use as an artificial antioxidant in the
case of implantation. However, because of the huge ther-
modynamic preference of interaction of 5-1DB defects
with this small molecule, the reversibility of the process
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comes into question.’® Furthermore, the natural chemi-
cal reactivity of these defects may also cause a problem
since they may interact with other biologically-relevant
species as well. The ideal situation would be one where
an easily-removable group could yield a 5-1DB defect
when exposed to a certain stimulus such as UV light
or other environmental stresses. Another possible usage
of defected SWCNTs would be as a sensor for NO,
specifically biological NO."*® A more appropriate starting
point for the development of a sensor, however, would be
transition metal-doped SWCNTs. HSWCNTs could find
potential utility in sensory technology and nanoelectron-
ics, both utilizing the change in electronic structure due
to adsorption. This effect, in theory, can be evaluated by
the charge transfer from the macromolecule to the small
molecule”” and also by the HOMO-LUMO gap of the
system.?

Peng and co-workers suggested that the charge transfer
between the nanotube and adsorbate can result in a change
in the conductance along the axis as described by the fol-
lowing relationship:?’

!
AQ=C,-AY, _aeﬂ (1)

AQ, the charge transfer, is directly proportional to the
capacitance, C,, and the observed voltage change, AV,.
The nanotube length and diameter are / and d, respectlvely,
while o and 0 are the molecular cross-section area and
coverage, respectively.”” From Table IV, the trend between
the adsorbate species and net charge transfer is clear.*
The magnitude of charge transfer should be sufficient
(¢f. 0.28 for B- and N-doped SWCNTs”?) for one to
observe changes in conductivity, hence ratifying their
usage as nanosensors. Extension of these terminated frag-
ments in either direction (in an infinite sense) with mul-
tiple doping sites should enhance the sensitivity enough
such that a practically useful device can be prepared based
on these macromolecules. The use of a polymer matrix
encapsulating these structures may also provide some help.
Furthermore, one can also envision the utilization of
these macromolecules as nanowires. In the developing
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Table IV. Charge transfer and HOMO-LUMO gap (in eV) data for
nanotube-adsorbate complexes with side-on binding motif.

Analyte Average charge transfer? HOMO-LUMO gap
None” 0.74
CO¢ 0.05 0.78
NO“ 0.28 0.74
NH; —0.18 0.75
N, 0.09 0.81
H, 0.34 0.70
C,H, 0.38 0.88
C,H, 0.25 0.88

“Represents charge donated from the Pt-doped SWCNT to the adsorbate. ”Ref. [23].
“Represents (CO),-adsorbed HSWCNT. “Represents (NO),-adsorbed HSWCNT.
¢“Represents (NH;),-adsorbed HSWCNT. /Represents (N,),-adsorbed HSWCNT.

field of nanoelectronics, the ability of manipulating con-
ductance across a wire with simple exposure to gases is
an attractive one since this would allow for strict control
of a nanocircuit. Obviously, the selective modification of
one SWCNT in the presence of thousands of others would
still be a challenge and may require new engineering solu-
tions, but the potential of doing this in a reversible fashion
is indeed intriguing because one could easily imagine an
operation where the presence of certain types of gases can
break a circuit and trigger an electrical response.

4. CONCLUDING REMARKS

Within DFT, defected and doped SWCNTs indeed have a
rich chemistry. We summarize our findings below:

1. A 5-1DB defect results in the protrusion of a single
active C atom that can interact with NO to give NO, and
a N-doped SWCNT in a selective manner.

2. Pt-doped SWCNTs display geometries where the Pt
tends to be situated in a position outside of the sidewall,
likely due to its large size.

3. Cap-doped HSWCNTs display different electronic
structures and reactivity in comparison to wall-doped
species. The interaction between metal atoms and small
gas molecules is typically stronger along the sidewall,
likely due to a higher concentration of electron density
around the Pt center and hence the ability for donation/
backdonation.

4. The adsorption of linear molecules takes place in anal-
ogy to alkylplatinum complexes in the Pt(IV) oxidation
state. However, the steric bulk of the nanotube as a
supramolecular ligand may prevent the possibility of mul-
tiple adsorption. In these cases, interaction with the nano-
tube m-electrons themselves may be possible.

Without a doubt, since transition metal-doped SWC-
NTs have yet to be prepared experimentally, much of
the work presented here remains to be theoretical pre-
diction. Nonetheless, we have provided a comprehensive
overview on the electronic properties of these materials.
Their behavior in polymer composites, in particular, may
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provide a handle by which some of these properties can
be amplified to useful levels. Further studies in this field
such as examination of segments with periodic boundary
conditions will provide a closer look at the vast usage of
these novel materials. We hope that our initial investiga-
tions will provide inspiration and guidance to experimen-
talists in their endeavors.
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