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The interaction of NH3 with graphite and a(9,0) carbon nanotube is studied using the second-order Møller-
Plesset and density functional theory approaches. For both graphite and the nanotube, our best estimate of the
NH3 binding energy is 2±2 kcal/mol. NH3 physisorbs on the carbon surface and the hydrogen end points
toward the carbon surface. The binding is mostly electrostatic in nature and there is very little charge transfer
occurring. Band-structure calculations on a(10,0) semiconducting nanotube show essentially no change in the
nanotube band gap when NH3 is added. The implications of these calculations on the experimental results are
discussed.
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I. INTRODUCTION

Chemical sensors based on single-walled carbon
nanotubes (SWCNTs) are gaining considerable interest
due to their very high sensitivity towards gaseous mole-
cules, such as O2, NH3, NO2, SO2, etc. A concerted
effort between experiment and theory is beginning to unravel
the mechanism by which SWCNT-based chemical sensors
operate.

In the case of O2, experiments1,2 in conjunction with
theoretical studies3–6 support the conclusion that O2 does
not dope SWCNTs and does not affect the electronic
spectra of SWCNTs. For nanotube field-effect transistors
(NT-FETs) formed by a single tube, Avouris and
co-workers7–9 have conclusively demonstrated that the
adsorption of O2 at the nanotube/metal junction is respon-
sible for the change in transport properties, and a detailed
theoretical phenomenological model of the modulation
of the Schottky barrier by O2 at the SWCNT/metal interface
has been obtained recently by Yamada.10 For nanotube
bundles and thin films, Goldoniet al.2 have shown that re-
sidual contaminants, such as Na and catalyst particles, re-
main even after annealing cycles in ultrahigh vacuum and
these contaminants may be responsible for the reported sen-
sitivity to O2, as reported by Collinset al.11 The removal of
these contaminants makes the electronic spectra insensitive
to O2.
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In the case of NH3 the experiment reported by Kong
et al.12 on an individual semiconducting SWCNT showed
that the conductance of the SWCNT sample decreases
by approximately 100-fold after exposure to a flow of
Ar or air containing 1% NH3. The authors suggested that
a charge transfer from NH3 to SWCNTs is responsible
for the change in properties of the SWCNTs. Recently,
however, Bradleyet al.13 have shown that NT-FETs that
have been heated in vacuum are not sensitive to ammonia,
but NT-FETs respond to ammonia gas only when they
are in ambient(humid conditions). The authors conclude
that ammonia does not dope nanotubes directly, but dissolves
in water instead, and the ammonia-water solution charges
the NT-FETs. Bradleyet al.14 have also shown experimen-
tally that protecting the metal-nanotube contacts from

NH3 exposure by a passivation layer changes the sensitivity
by only a few percent, which implies that the sensing
is not dominated by the contact region, as is the case for O2,
but by the carbon nanotube region. On the other hand,
Goldoni et al.2 report that exposure of a clean SWCNT
bundle after annealing up to 1800 K to NH3 changes the
C 1s peak in carbon photoemission and they explain this
feature by saying that NH3 molecules act as charge donors.
The experiments of Bradleyet al.and those of Goldoniet al.
are only consistent if there is water vapor present in the
experiments of Goldoniet al.

The few theoretical studies published in the literature15,16

support a charge transfer of 0.03–0.04 electrons with NH3
donating to the SWCNT. Both theoretical works are based on
the local density approximation(LDA ) approach, which is
known to overestimate the binding energy, and therefore, the
charge transfer. Moreover, the use of plane-wave basis sets is
prone to basis set superposition errors(BSSE) that can lead
to serious problems for the description of a weakly bound
system.

In the present work we want to reevaluate the binding of
NH3 to SWCNTs and assess if NH3 dopes the SWCNTs. The
results of our work could help resolve the controversies re-
garding the sensing of NH3 by carbon nanotubes.

II. MODELS AND METHODS

Most of the calculations are performed using the second-
order Møller-Plesset(MP2) perturbation theory. Since the
binding is found to be weak, we correct the bond energies for
BSSE using the counterpoise approach. To calibrate the MP2
level, one calculation is performed using the coupled cluster
singles and doubles approach,17 including the effect of con-
nected triples determined using perturbation theory,18

CCSD(T). Density functional theory(DFT) (using the
B3LYP19 hybrid20 functional) is used to compare the effect
of the model size on the binding energies. The basis sets that
are used are those developed by Pople and co-workers,21 or
those developed by Dunning and co-workers.22,23 The MP2
and B3LYP calculations are performed usingGAUSSIAN98,24

while the CCSSD(T) calculations were performed using
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MOLPRO.25

We use several models for the carbon nanotube and
graphite, which are shown in Fig. 1. The models for graphite
are benzene sC6H6d, pyrene sC16H10d, and coronene
sC24H12d. These species are fully optimized with and without
NH3; the free systems are planar and when NH3 is added, the
benzene, pyrene, and coronene components are very close to
planar. A curved coronene is used to model a(9,0) nanotube.
In the geometry optimization, the positions of the carbon
atoms of the curved coronene are fixed at those derived from
a free(9,0) tube, and only the NH3 geometry and its position
above the tube are optimized. In addition to not optimizing
the position of the carbons, the C-H bonds are colinear with
the original C-C bonds, and the C-H bond lengths are fixed
at 1.084 Å.

The two largest models of the(9,0) tube are the C78H18
ring with C-H bonds to terminate the dangling bonds, and a
C150 tube with two caps. In these two models, the species
with and without NH3 are fully optimized, since the models
naturally retain their curvature.

We also perform DFT periodic-boundary-condition
calculations with a plane-wave basis on a(10,0) tube inter-
acting with NH3 using theCASTEPprogram.26,27 We use the
generalized gradient approximation in conjunction with the
functional developed by Perdew, Burke, and Ernzerhof.28

The kinetic energy cutoff is taken as 310.0 eV(Fourier trans-
form grid 72372345). The Brillouin zone is sampled using
a 23232 Monkhorst-Pack mesh(four k points). All the
atoms are treated using the default ultrasoft pseudopotentials
provided by the CASTEP program. We use the supercell
shown in Fig. 2, which is periodic along thez axis with cell
parametersa=14.0 Å, b=14.0 Å, c=8.452 Å, a=90°, b
=90°, andg=120°. The optimal NH3 position above the tube
is taken from our MP2 calculations.

III. RESULTS AND DISCUSSION

We first consider the C6H6 model for graphite. The free
C6H6 is planar and its geometry is hardly affected by the

FIG. 1. (Color) The models used in this work.

FIG. 2. (Color) Periodic cell containing a(10,0) tube and a
physisorbed NH3 molecule. The periodicity is along the axis of the
tube (z axis).

FIG. 3. (Color) The MP2/6-31G* optimized geometry for
C6H6-NH3.
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addition of NH3. We first optimize the structure with
C3v symmetry at the MP2/6-31G* level(see Fig. 3). In
this structure theC3 axis of NH3 is perpendicular to
the surface. The N is 3.50 Å above the plane of the carbon
atoms. This structure has two imaginary frequencies. Dis-
placing the geometry in the direction of the imaginary modes
leads to two minima, which are also shown in Fig. 3; the first
has one H atom pointing toward the surface, while the sec-
ond has two H atoms pointing toward the surface. As is
shown in Table I, the one and two-H atoms down conforma-
tions are very similar in energy with the one-H down being
slightly more stable than the two-H down for the largest
basis set.

The tilted structures are more stable than the perpendicu-
lar ones, because the bonding is mostly electrostatic in ori-
gin. C6H6 has a quadrupole moment and NH3 has both a
dipole and quadrupole moment. The dipole-quadrupole inter-
action favors the NH3 C3 axis pointing straight toward the
C6H6, while the quadrupole-quadrupole interactions favor
the NH3 C3 axis parallel to the plane of the C6H6. The ob-
served tilt is a compromise between these two electrostatic
terms.

Previous work16 reported that NH3 bonded to the nano-
tube N end down. It appears that this is also the orientation

used in the work of Zhaoet al.15, but unfortunately the
manuscript is not very clear on this point. Having the N end
down is expected to be unfavorable, since both the
quadrupole-quadrupole and quadrupole-dipole interactions
are repulsive for this orientation. We investigated this orien-
tation for a pyrenesC16H10d model of graphite, and while we
find a bound system before accounting for BSSE, it is un-
bound after applying the BSSE correction. If we tilt NH3
slightly, our final optimized structure is the one with
one hydrogen atom down as found for the C6H6 model
(see Fig. 3). The similar rotation of NH3 from N down to H
down also occurs for the larger C24H12 model. Thus we
conclude that the configuration with N down is unfavorable,
and that the orientations found in the previous calculations
have been a result of BSSE. We do not consider this orien-
tation further.

While the bonding is expected to be mostly electrostatic,
other factors, such as dispersion, can contribute to the
bonding for such weakly bound systems. Since the
MP2 approach is known to overestimate the dispersion
forces, we perform MP2 and CCSD(T) calculations using
the aug-cc-pV double zeta basis set. The MP2/6-31G*
one H-down geometry is used in the CCSD(T) calculations.
This calibration calculation confirms that the MP2 binding

TABLE I. NH3 binding energy, in kcal/mol, computed using the MP2 level of theory.

Model De De-BSSE Scaleda

Planar C6H6 model, perpendicularC3v symmetry

6-31G* 2.53 0.50 0.41

6-31+G* 2.48 0.76 0.63

6-311G(2df,2p) 3.34 1.35 1.13

aug-cc-pVTZ 2.50 1.93 1.61

Planar C6H6 model, tilted two H atoms down

6-31G* 2.68 1.04 0.86

6-311G(2df,2p) 3.39 1.91 1.59

aug-cc-pVTZ 3.04 2.41 2.01

Planar C6H6 model, tilted one H atom down

6-31G* 2.74 0.91 0.76

6-31+G* 3.02 1.08 0.90

6-31G(2d,p) 3.01 1.35 1.13

6-311G(2df,2p) 3.66 1.91 1.59

6-311+Gs2df ,2pd 2.89 2.11 1.76

aug-cc-pVTZ 3.17 2.42 2.02

Planar C24H12 model, perpendicular

6-31G* 3.72 1.26 1.05

6-31G(2d,p) 4.57 1.98 1.65

Planar C24H12 model, tiltedb

6-31G* 3.26 1.51 1.26

6-31G(2d,p) 4.08 2.25 1.88

Curved C24H12 model, perpendicular

6-31G* 3.60 0.79 0.66

6-31G(2d,p) 4.44 1.45 1.21

aScaled by 0.83, which is computed using the ratio of the BSSE-corrected MP2 binding enegy
s2.06 kcal/mold to the CCSD(T) s1.72 kcal/mold value for the aug-cc-pVDZ basis set.
bNot optimized, the geometry is taken from the planar C6H6 tilted one-H-atom-down results.
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energy is too large and we use the ratio of the CCSD(T)
and MP2 results to scale all of our MP2 results. We
optimized the NH3-C6H6 distance using the BSSE corrected
aug-cc-pVTZ energies, and we find that the NH3-C6H6
distance increased by less than 0.02 Å and the binding
energy is increased by less than 0.01 kcal/mol. Thus, our
best estimate for the NH3 binding to graphite using the C6H6
model comes from the scaled aug-cc-pVTZ and is
2.02 kcal/mol.

The next series of calculations also study graphite, but
use the larger C24H12 model. The geometry is fully optimized
starting from NH3 above the central ring, with the same
orientation found for the tilted one H-down NH3-C6H6
system. The final optimized geometry has theC3 axis
of NH3 perpendicular to the surface. Since C24H12 has a
larger quadrupole moment than C6H6, one might assume
that NH3 would also be tilted. However, the binding energy
is larger for C24H12 than for C6H6 and the N is 0.15 Å closer
to the surface; therefore, the NH3-surface repulsion effects
are larger for C24H12 than for C6H6. C24H12 is more polariz-
able than C6H6, which should increase the dipole-induced
dipole and the dispersion interactions for C24H12 relative to
C6H6. In addition to these real contributions to the bonding,
the BSSE changes with the tilting of NH3. For a fixed
N-surface height, the three H atoms pointing at the surface
should have a larger BSSE than the one H atom pointing
at the surface. As NH3 approaches the surface, the BSSE
will increase and so should the difference in BSSE between
the three H atoms and one H atom pointing toward the
surface. Thus, it is possible that as the overall binding
increases and NH3 moves toward the surface, the BSSE
can begin to favor the three H atoms down. Since it is
possible that the change in the NH3 orientation was due to
BSSE and not due to real changes in the bonding, we
performed a single calculation for tilted NH3 on coronene. In
this calculation, the NH3 geometry and position above
the surface were taken from the optimized NH3-C6H6 geom-
etry. The BSSE corrected binding energy of this tilted
NH3-C24H12 geometry s1.51 kcal/mold is larger than the
BSSE corrected binding energys1.26 kcal/mold of the
three-H-atom-down orientation(i.e., the MP2 optimization
geometry). The same effect is observed for the larger
6-31G(2d,p) basis set. This supports our suggestion that the
system is probably really tilted, but the energy difference
between the one-H-atom down and three-H-atoms down is
small.

The largest basis set that we have used for C24H12
[6-31G(2d,p)] yields an NH3 scaled binding energy of
1.88 kcal/mol for the tilted geometry. The same basis
set for C6H6 yields 1.13 kcal/mol. Thus, expanding the
model of graphite increases the binding energy by
0.75 kcal/mol. Adding this correction onto our best value of
2.02 kcal/mol for C6H6 yields our best estimate of
2.77 kcal/mol for the NH3 binding energy to C24H12. As
discussed previously29, the quadrupole moment per carbon
atom of C6H6 and C24H12 is about twice that of graphite,
thus the electrostatic contributions to both of our graphite
models are expected to be too large. Using the subcomponent
dipole and quadrupole moments leads to electrostatic
contributions to the binding for NH3 to C6H6 and C24H12

of 0.33 and 1.08 kcal/mol, respectively. If we reduce these
electrostatic contributions to the bonding by a factor of 2 to
account for the models’ overestimation of the graphite quad-
rupole moment, we obtain 1.86 and 2.23 kcal/mol for the
C6H6 and C24H12 models, respectively.

It is well known30–33 that it is very difficult to compute
accurate binding energies for weakly bound molecules.
The binding energy without a BSSE correction tends to be
larger than the true value, and the value after the BSSE cor-
rection tends to be smaller. As the basis set is improved, the
BSSE decreases and BSSE-corrected binding energy in-
creases. For our best basis set used for the C6H6 model, the
BSSE correction is 0.75 kcal/mol. We therefore expect that
improving the basis set will increase our C6H6 model
binding energy by less than 0.75 kcal/mol. However,
our graphite binding energy is computed by combining
several values, such as a model size and electrostatic correc-
tion. Taking these factors into account, we estimate the
NH3 binding to graphite to be 2.0±2.0 kcal/mol. It is diffi-
cult to measure the low coverage NH3 binding energy for
graphite, since the NH3-NH3 interaction is similar in magni-
tude to the NH3-graphite interaction and our value is reason-
ably consistent with previous theoretical and experimental
values.34

We now consider models for a(9,0) tube. The first model
consists of a curved coronene molecule to represent the sur-
face of the tube, where the positions of the carbon atoms are
taken from an optimized tube with two caps(see Fig. 1),
while the C-H bonds are taken as colinear with the C-C
bonds in the full tube. The NH3 geometry and position above
the C24H12 were fully optimized at the MP2/6-31G* level.
Like the planar C24H12, theC3 axis of NH3 is perpendicular
to the surface of the tube. The BSSE-corrected MP2 binding
energies are summarized in Table I, and NH3 binding energy
of the curved C24H12 is about 0.5 kcal/mol smaller than for
the planar case. Thus, it might appear that the binding of
NH3 to a (9,0) SWCNT is less than for graphite. However,
bending the C24H12 changes its quadrupole moment and cre-
ates a dipole moment, which reduces the electrostatic bond-
ing. Since a real nanotube will not have a dipole moment, the
computed change in NH3 binding with bending of the C24H12
does not truly reflect the difference between graphite and the
(9,0) tube. Therefore, by using this model we can conclude
that the binding energy for NH3 on graphite and a(9,0) tube
are similar, but we cannot determine this difference accu-
rately.

The growth in computational expense with model size
makes it difficult to study models larger than C24H12 at the

TABLE II. NH 3 binding energy, in kcal/mol, computed using
the B3LYP/6-31G* level of theory. The geometry is taken from the
ring calculation and not optimized.

Planar C6H6 1.37

Planar C24H12 1.25

Curved C24H12 1.43

Ring 3.54

Full tube sC150d model 0.51
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MP2 level, therefore, we investigate the dependence of the
NH3 binding energy on tube models using the B3LYP/6
-31G* level of theory. Before considering tube models, we
first consider the C6H6 and C24H12 models of graphite; the
results are summarized in Table II. The B3LYP/6-31G* op-
timized structure of NH3-C6H6 is similar to the MP2 struc-
ture with one H atom tilted down, but the N is 0.35 Å further
away from the surface for the B3LYP level. The B3LYP
binding energy, not corrected for BSSE, is somewhat smaller
than our best estimate for the NH3-C6H6 binding energy. The
optimal B3LYP geometry for NH3-C24H12 has the NH3 C3
axis perpendicular to the surface, as found for the MP2 level,
but the N-surface distance is 0.2 Å longer for the B3LYP
than for the MP2.(Note that, like the MP2, this is true even
if one starts from a tilted NH3 geometry.) The B3LYP NH3
-C24H12 binding energy is slightly smaller than for the C6H6.
The binding energy of NH3 to the curved C24H12 is slightly
larger than found for the planar case. While these binding
energies are similar to those found at the MP2 level, the
exact trends are not matched. These results suggest that
B3LYP is qualitatively correct and can give some insight into
changes in the model with size.

We next consider C72H18, which is a ring of a(9,0)
nanotube with the dangling C-C bonds terminated with H
atoms(see Fig. 1). This nanotube model does not have an
unphysical dipole moment as was found for the curved
C24H12, but the computed binding energy is found to be
more than twice that of the curved C24H12 model. This large
binding energy arises, because the ring has a very large qua-
druple moment. That is, while this model does not have a
nonphysical dipole moment, it has a nonphysical quadrupole
moment.

Finally, we consider the C150 full tube. These calculations
are very large, having 2271 basis functions, and the optimi-
zation is very time consuming even running in
parallel. This model has removed the nonphysical dipole mo-
ment of the curved C24H12 model and the nonphysical quad-
rupole moment of the C72H18 ring. The computed NH3
binding energy is only 0.51 kcal/mol. We suspect that this is
a lower bound, as improving the basis set is expected to
increase the binding energy. In addition, the B3LYP
approach, like most other DFT functionals, does not describe
dispersion forces very well35–37, and in general, significantly
underestimating the effect. Thus, one must add on some
correction for the van der Waals bonding that is missing in
the DFT treatment. Using the difference between the B3LYP
binding energies and our best estimates for the MP2 values
for the planar models of graphite suggests that the dispersion
contribution to the bonding could increase the B3LYP bind-
ing energy; for the C6H6 model the increase is 0.65 kcal/mol,
while the C24H12 model suggests an increase of 1.52 kcal/
mol. A correction of this magnitude brings the B3LYP full
tube value into reasonable agreement with our best estimate
of 2.0±2.0 kcal/mol, based on the MP2 calculations of
graphite and the assumption that the(9,0) tube and graphite
values are similar. These calculations again demonstrate that
weakly bound systems are very difficult to treat, since
changes in the model can make small absolute changes in the
binding energy, which are a sizable fraction of the total bind-
ing energy.

Up to this point we have focused on the orientation
and binding energy, however, the experiments actually
measure the change in current. One interpretation of the
experiments is that there is charge transfer between NH3 and
SWCNT. Our calculations do not support this view;
the maximum charge transfer observed in our calculations is
0.008 electrons, which is consistent with the weak bonding.
We should note, however, that the NH3 dipole and
quadrupole moment can induce some polarization of the
charge on SWCNT. We therefore consider the change in
the band structure with the addition of NH3. (We should
note that previous calculations15,16 considered the band
structure, but these are for the wrong orientation of NH3.)
We switch to a(10,0) tube, since this is a semiconductor
and one expects a larger change in a semiconductor tube
than a conducting tube. In Fig. 4 we present the computed
electronic density of states of a bare(10,0) tube and of a
(10,0) tube interacting with NH3. A comparison of the
two plots shows that they only differ by a small peak appear-
ing at approximately −2.1 eV, which belongs to an isolated
NH3 molecule. We can conclude that the presence of NH3
does not modify the density of states of the nanotube
and should not lead to a change in the conductivity of the
nanotube.

FIG. 4. Electronic density of states computed using fourk points
and a 0.05-eV Gaussian broadening. The upper plot is for a bare
(10,0) tube and the lower plot is for a(10,0) tube interacting with
NH3.
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IV. CONCLUSIONS

The calculations show that NH3 is weakly bound
s2±2 kcald to both graphite and a(9,0) carbon nanotube,
with the hydrogen end pointing toward the graphite or car-
bon nanotube. There is very little charge transfer. Band-
structure calculations show essentially no change in the
nanotube band gap when NH3 is added.
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