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Modeling Adsorbate-Induced Property Changes of Carbon
Nanotubes
Lynn Groß,[a] Marc Philipp Bahlke,[a] Torben Steenbock,[a] Christian Klinke,[b] and
Carmen Herrmann *[a]
Because of their potential for chemical functionalization, carbon
nanotubes (CNTs) are promising candidates for the development
of devices such as nanoscale sensors or transistors with novel gating mechanisms. However, the mechanisms underlying the property changes due to functionalization of CNTs still remain subject
to debate. Our goal is to reliably model one possible mechanism
for such chemical gating: adsorption directly on the nanotubes.
Within a Kohn–Sham density functional theory framework, such
systems would ideally be described using periodic boundary
conditions. Truncating the tube and saturating the edges in practice often offers a broader selection of approximate exchange–

correlation functionals and analysis methods. By comparing the
two approaches systematically for NH3 and NO2 adsorbates on
semiconducting and metallic CNTs, we find that while structural
properties are less sensitive to the details of the model, local
properties of the adsorbate may be as sensitive to truncation as
they are to the choice of exchange–correlation functional, and
are similarly challenging to compute as adsorption energies. This
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Introduction

chemisorb at the contact region, while the latter is suggested
to be the dominant mechanism affecting the conductance.[21]
Note, however, that these results are contingent on the
detailed atomistic interface structure, which was assumed to
feature covalent carbon–gold bonds between the CNT and a
gold surface.
Owing to its computational efficiency, Kohn–Sham density
functional theory (KS-DFT)[31] is the only first-principles method to date capable of dealing with structures that allow for a
realistic modeling of CNT–adsorbate interactions. While exact
in principle, in practice the exchange–correlation functional
has to be described by one of many established approximations. Due to their quasi-one-dimensional nature, CNTs are
usually modeled imposing periodic boundary (PB) conditions.
This may require a large unit cell[32–34] to account for the
extended nature and complexity of chemically gated singlewalled CNT transistors. An even more crucial point is the (in
practice) often limited choice of pseudopotentials in planewave codes (and thus the limited choice of exchange–correlation functionals). Also, many periodic-boundary electronicstructure codes cannot provide an all-electron description. In
contrast, an approach using truncated CNTs saturated with
hydrogen atoms can often take advantage of a larger pool of

The response of carbon nanotubes (CNTs) to adsorbed molecules has been the subject of intensive research in the past
few years. They are important as building blocks for a variety
of potential applications in nanotechnology, such as highly
sensitive low-power chemical sensors,[1–5] which may be used,
for example, as wake-up detectors for power-consuming accurate sensors for air quality monitoring.[6] In particular, noncovalent adsorption can modify the CNTs’ static electronic and
electron transport properties, while the atomic structure of the
CNTs is not significantly perturbed compared with covalent
adsorption.[7–9] As the first reports on detecting gaseous molecules with individual single-walled CNTs were published in
2000,[10,11] the effect of adsorption on the conductivity of
CNTs is being controversially discussed in the literature.[12–21]
There are several aspects that have to be taken into account.
In transistors, the nanotube is contacted by (typically) metallic
electrodes acting as source and drain.[2] Thus, gas adsorption
may occur on the metal surface, on the nanotube surface, or
at the interface between the tube and the electrode.[21] Given
the sometimes contradictory statements in the literature and
the complexity of these systems, theoretical studies are
required for elucidating the mechanism underlying sensing
behavior and chemical gating. They have mainly focused on
understanding the adsorbate–nanotube interactions within the
channel region, proposing different mechanisms responsible
for shifts in the transistor characteristics, such as dissociative
adsorption of NO2,[15,22–24] increased gas concentration,[18]
charge transfer (NH3 molecules acting as donors and NO2 molecules acting as acceptors),[25–30] and changes in the adsorbates’ dipole moment.[18] Recent theoretical investigations
suggested that NH3 and NO2 physisorb on the CNT and
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exchange–correlation functionals, which is in some cases
essential even for an accurate qualitative description, enables
estimating the DFT error,[35] and allows for easy interfacing
with various quantum chemical analysis tools. However, the
most serious error source of truncation is the choice of a too
small CNT size (involving capping atoms such as hydrogen,
where necessary), which may lead to inaccurate structural
properties (e.g., a preferred adsorption at the edge). Moreover,
truncating the nanotube produces discrete single-particle levels (molecular orbitals) rather than bands, and the number of
these levels decreases with the decreasing lengths of the
tubes, thus leading to an electronic structure less and less suitable for approximation of the CNT band structure. Thus,
assessing whether a truncated approach can reproduce the
results obtained under PB conditions provides an essential
step toward a reliable theoretical description of adsorbate–
CNT interactions. This also answers a more fundamental question, namely how “local” the binding between CNT and adsorbate is, and to what extent the CNT band structure is crucial
for this binding.
In this work, we systematically compare structural and local
properties using two different commonly used density functional theory approaches, (1) a truncated model (based on
localized, atom-centered single-particle basis functions) and (2)
a PB approach using a plane-wave basis.* Both have their
shortcomings (which were briefly mentioned and will be discussed in more detail below), but as calculations avoiding
these limitations (i.e., using very large unit cells or long truncated tubes, using all-electron basis sets close to the basis set
limit with sharp convergence criteria) are often not feasible in
practice, for example when scanning adsorption positions for
large molecular adsorbates, it is important to identify how
sensitive different physical quantities are to the choices made
in terms of computational model, and to what extent they are
robust enough to be evaluated from a less-than-perfect computation. Our goal is to provide guidelines for suitable molecular adsorbates on CNTs. As well-established adsorption
structures exist for metallic and semi-conducting CNTs functionalized with NH3 and NO2 , respectively, these were used as
benchmark systems. Moreover, we focus on NH3 as an example of a “simple” physisorbed molecule and on NO2 providing
a more challenging test case due to its open-shell nature and
its potential for charge transfer and chemisorption.

Computational Methodology
All calculations were carried out using KS-DFT.
Methods and model systems
Spin-restricted closed-shell calculations were performed for
NH3 and pure CNT systems, and spin-unrestricted ones for
NO2 systems (which formally contain one unpaired electron).
As several reports on the adsorption mechanism of NH3 and
*Of course, there are also some electronic-structure codes which combine
periodic boundary conditions with localized basis functions such as
CP2K,[36] ADF,[37] and GAUSSIAN.[38]
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NO2 on single-walled CNTs showed that the binding energy is
quite insensitive to the adsorption position[15,26,27] (within a
given method), only one orientation of the attached molecule
was studied here. At the beginning of each structure relaxation, the respective adsorbate is placed in an upright position
on top of a carbon atom. The NO2 molecule is arranged perpendicular to the single-walled CNT surface (with the oxygen
atoms pointing away from it). The NH3 molecule is adsorbed
such that the hydrogen atoms are pointing toward the nanotube. On optimization, the adsorbates may tilt or move to different adsorption positions. Optimized molecular structures
under PB conditions were obtained with the quantum chemical program package QUANTUM ESPRESSO 5.0,[39] which uses
plane-wave single-particle basis functions to account for the
valence electrons and pseudopotentials for treating nuclei plus
core electrons. Projector-augmented plane-wave pseudopotentials generated with the generalized gradient approximation
PBE functional (PAW-PBE)[40] were used. A kinetic energy cutoff
of 47 (264) Ry for the wavefunction (charge density) is used,
and tested to give converged results for the total energy. The
unit cells consist of either a semi-conducting (8,0) 253253
8:87 Å3 (64 atoms) or a metallic (5,5) 2532536:89 Å3 (60
atoms) CNT using a 131316 Monkhorst-Pack-Grid with a
Marzari-Vanderbilt smearing of 0.02 Ry to sample the Brillouin
zone, unless otherwise stated (see the input files in Section 9
of the Supporting Information). The size of one unit cell is considered to be sufficiently large, so that intermolecular interactions are assumed to be negligible (this assumption may be
only partially fulfilled, see the discussion below). For the isolated molecules a 50350350 Å3 unit cell was used using the C
point to sample the Brillouin zone. As dispersion interaction is
important for the adsorption of molecules on surfaces or
nanotubes, we performed all calculations without and with
Grimme’s semi-empirical D2 correction scheme.[41] If not noted
otherwise, the QUANTUM ESPRESSO 5.0 default convergence criteria
were used. For comparison, we carried out additional optimizations with PBE-D2 using the same sharp convergence criteria
as used in the TURBOMOLE calculations on truncated structures
as detailed below. The truncated approach is considered next.
All truncated electronic structure calculations were performed
using the quantum chemical program package TURBOMOLE 6.5[42]
with the PBE functional[43–45] and Ahlrichs’ split-valence triplezeta basis set with polarization functions on all atoms (defTZVP).[46] Additional molecular structure optimizations were
performed using the pure approximate exchange–correlation
functional BP86[47,48] and the hybrid functional B3LYP,[49,50]
with 20% of exact exchange admixture. Dispersion interactions
were taken into account via Grimme’s semi-empirical D2[41]
scheme and Grimme’s more recent D3 method[51] with Becke–
Johnson (BJ) damping.[52] The convergence criterion in the
self-consistent field algorithm was a change of energy below
1027 Hartree. The convergence criterion in the structure optimization was a gradient of 1024 Hartree/Bohr. We used the
resolution-of-the-identity approximation as implemented in
TURBOMOLE 6.5 in combination with the two pure functionals. A
semi-conducting (8,0) and a metallic (5,5) truncated CNT of
two different lengths (short: 8 Å; long: 19 Å) were used as
WWW.CHEMISTRYVIEWS.COM
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Figure 1. PBE-D2 optimized structures of NH3 (top) and NO2 (bottom) on a semi-conducting (8,0) CNT using a PB model and a truncated approach with
two different tube lengths (blue: 8 Å; red: 19 Å). [Color figure can be viewed at wileyonlinelibrary.com]

model systems (see Supporting Information for Cartesian coordinates of these and all other structures). To reduce boundary
effects, atoms at the open ends of the tube have been saturated by hydrogen atoms. The adsorption energy (Ea ) is defined
as the difference between the energy of the total molecule–
CNT system (Emol2CNT ) and the summed up energy of the pristine CNT (ECNT ) and the isolated gas molecule (Emol ),
Ea 5Emol2CNT 2ðECNT 1 Emol Þ:

(1)

The initial structures of the CNTs were generated with AVOGA[53]
Given that it is not relevant for plane-wave calculations,
DRO.
and given the relatively large size of the used atom-centered
basis set, the basis superposition error was assumed to be
negligible. Molecular structures were mainly visualized with
[54]
PYMOL
and MOLDEN.[55]
For single-point electronic structure calculations on top of
structures optimized under PB conditions, the PBE-D2 optimized structures obtained by the PB approach were saturated
with hydrogen atoms at the open ends of the tube. While all
atoms were held fixed, the hydrogen atoms of the tube were
optimized with a truncated approach using PBE-D2/def-TZVP.
Then, single-point electronic structure calculations were performed using different exchange–correlation functionals. Also
here, we additionally studied longer tubes for comparison,
which, in contrast to the optimized structures, were constructed by saturating three consecutive unit cells from the
PBE-D2 optimized structures obtained by the PB approach
with hydrogen and relaxing the hydrogen atoms, as above.
This ensures that the comparison with the PB structures is not
affected by any periodic image effects[32–34] which may be present, as both the (long) truncated and the PB calculation will
be affected by it equally.

Cutting the nanotubes as described above and as shown in
Figure 1 may result in electronic structures with an open-shell
ground state. This may be prevented by cutting the tubes in a
less “straight” fashion, such that Clar sextet theory is taken
into account.[56] In our study, this distinction affects the semiconducting (8,0) CNTs, for which we are thus comparing our
data to both optimized structures and single-point calculations
on top of the PBE-D2 optimized structures obtained by the PB
approach, which were truncated according to Clar’s rules (see
Figure S9 in the Supporting Information for structures).
Local properties within the theory of atoms-in-molecules
We define the amount of charge transfer from the adsorbates
to the nanotube as the sum of Bader charges of atoms i in
the adsorbate molecule. As well as other density-based partitioning schemes such as the Hirshfeld approach,[57] Bader’s
atoms-in-molecules (AIM) analysis[58–61] it is not very sensitive
to the basis set used in the electronic structure calculation.[62,63] This is a clear advantage over approaches that are
based on atom-centered one-particle basis functions, such as
€wdin[65] population analysis. Within
the Mulliken[64] and the Lo
the theory of AIM, the local dipole moment of an atom i can
be defined as the sum of a polarization lpi and a charge transfer lci contribution.[66] While the dipole moment for the total
(uncharged) adsorbate–CNT system is independent of the
choice of origin, the dipole moment of the adsorbed molecule
can be origin-dependent due to the charge transfer from or to
the nanotube. To overcome the origin-dependence, we used a
modified version of Bader’s and Laidig’s approach[67,68] to
achieve origin-independence of adsorbates’ dipole lmol by
referring to an internal reference point X ref as implemented in
the GENLOCDIP tool,[69,70]
Journal of Computational Chemistry 2017, 38, 861–868
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Table 1. Preferred adsorption sites,[a] orientations,[b] distances d (in Å), angles h (in ), adsorption energies 2Ea (in eV), partial charges q (in unit charges),
and local dipole moments l (in Debye) of a NH3 molecule on a metallic (5,5) and a semi-conducting (8,0) carbon nanotube using a periodic-boundary
(PB) code and a truncated approach[c] with two different tube lengths.
PB (PB sharp conv.)
System
NH3

Metallic (5,5) CNT

Semi-cond (8,0) CNT

Truncated short/long (Clar)

Property

PBE

PBE-D2

PBE-D2

PBE-D3(BJ)

BP86-D3(BJ)

B3LYP-D3(BJ)[d]

Position
Orient.
dN2H
dN2C
hH2N2H
2Ea
qNH3
lNH3
Position
Orient.
dN2H
dN2C
hH2N2H
2Ea
170027

T(T)
"(")
1.02(1.02)
3.90(4.06)
106(106)
0.00
0.00
1.55
T(T)
"(")
1.02(1.02)
3.92(4.06)
106
0.00
0.00

T(T)
"(")
1.02(1.02)
3.38(3.44)
106(106)
0.08
0.00
1.69
T(T)
"(")
1.02(1.02)
3.23(3.47)
106
0.07
0.00

lNH3

1.54

1.69

H/T
%="
1.02/1.02
3.33/3.41
106/106
0.18/0.13
0.00/0.00
1.92/1.85
H/H(H)
% = "("-%)
1.02/1.02(1.02)
3.38/2.97(3.45)
106/106(106)
0.17/0.16(0.17)
0.02/0.02
(0.02)
1.76/1.70
(1.72)

T/T
%="
1.02/1.02
3.53/3.49
106/106
0.15/0.13
0.00/0.00
1.92/1.85
H/H
%="
1.02/1.02
3.50/3.11
106/106
0.16/0.16
0.02/0.02
(0.02)
1.76/1.70
(1.72)

B/T
"/"
1.02/1.02
3.40/3.41
106/106
0.15/0.14
0.00/0.00
1.92/1.85
H/T
%="
1.02/1.02
3.45/3.34
106/106
0.33/0.13
0.02/0.02
(0.02)
1.75/1.70
(1.71)

T/T
%="
1.01/1.01
3.52/3.52
107/107
0.13/0.12
0.00/0.00
1.99/1.92
H/T
%="
1.02/1.01
3.53/3.41
107/107
0.30/0.22
0.01/–
(–)
1.85/–
(–)

[a] T: top of a carbon atom, H: center of a carbon hexagon, and B: center of CAC bond;. [b] ": upright and %: tilted;. [c] For the truncated tubes, partial
charges q and local dipole moments l correspond to single-point calculations on top of PBE-D2-optimized structures under PB conditions;. [d] For
NH3 –(8,0) CNT, q and l of the B3LYP-D3 calculation are not shown due to convergence problems. A “–” entry denotes that a calculation could not be
converged.

lmol 5

X 

i 2 mol

 X p X 

lpi 1lci 5
li 1
X i 2X ref qi :
i 2 mol

(2)

i 2 mol

Ð
with the atomic polarization lpi 52 A rA qðrÞdr, the nuclear coordinate X i and the net charge qi of an atom i in the gas molecule. Local charges and atomic polarizations were obtained
using the grid-based BADER tool written by the Henkelman
group[71–73] which is well suited for large solid-state physical
systems due to its computational efficiency. Each volume element of the three-dimensional grid is 0.10 units wide. Molecular
structures, reference points, and dipole moments are visualized
with POVRAY[74] and a local postprocessing tool. The dipole
moment is indicated as a red arrow which points to the positive
part (d1). The local dipole vector of a fragment is visualized
such that 1 Debye (D) corresponds to 2 Å, and that the middle
of the vector is located at the center of mass of the fragment.
The internal reference point between the molecule and the
nanotube (marked as a green dot) is defined such that the grid
point of the Bader volume of the fragment closest to an atom
of the residual group is used to drop a perpendicular from this
point to the straight line connecting the molecule and the
tube. The system is partitioned into two subsystems as illustrated in Figure S10 in the Supporting Information.

Results and Discussion
In the following, we discuss structures, adsorption energies,
local charges and dipole moments for NO2 and NH3 molecules
adsorbed on semi-conducting (8,0) and on metallic (5,5) singlewalled CNTs using PB conditions on the one hand, and on the
other hand truncated nanotubes of two different lengths. We
864
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additionally evaluate the effect of tighter convergence criteria
on the PB optimized structures, and of cutting tubes according
to Clar sextet theory rather than “straight.” The results for NH3
and NO2 adsorption on metallic (5,5) and semi-conducting (8,0)
CNT are given in Tables 1 and 2, respectively.
Adsorption energies and structures
Both NO2 and NH3 molecules adsorb with the nitrogen on top
of a carbon atom in an upright orientation using the PB
approach, regardless of whether including (see Fig. 1a and Figures S7 and S8 in the Supporting Information) or not including
dispersion corrections.†
For adsorbed NH3 , the adsorption energy calculated including dispersion correction is very small, independent of the
electronic nature of the nanotube (metallic:–0.08 eV; semi-conducting: 20.07 eV). If Grimme’s D2 dispersion correction is not
included in the calculations, there is no binding of the NH3 to
the nanotube at all. This is in line with previous computational
findings in the literature,[26,27] but may be affected by unwanted interactions between adjacent unit cells. For NO2 adsorption, the adsorption energy calculated including dispersion
correction for NO2 on a metallic (5,5) CNT is twice as high
(20.53 eV) as for their semi-conducting counterpart (20.17
eV), which has also been found in Ref. [75]. The interaction
between the NO2 molecule and the CNT is weaker if dispersion correction is not included in the calculations. Adsorption
distances (measured as the shortest d(C–N)) are roughly the
same when comparing semi-conducting with metallic CNTs.
†
If not explicitly mentioned otherwise, the following refers to calculations
including dispersion correction.
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Table 2. Preferred adsorption sites,[a] orientations,[b] distances d (in Å), angles h (in ), adsorption energies 2Ea (in eV), partial charges q (in unit charges),
and local dipole moments l (in Debye) of a NO2 molecule on a metallic (5,5) and a semi-conducting (8,0) carbon nanotube using a periodic-boundary
(PB) code and a truncated approach[c] with two different tube lengths.
PB (PB sharp conv.)
System
Metallic (5,5) CNT

NO2
Semi-cond. (8,0) CNT

Truncated short/long (Clar)

Property

PBE

PBE-D2

PBE-D2

PBE-D3(BJ)

BP86-D3(BJ)

B3LYP-D3(BJ)

Position
Orient.
dN2O
dN2C
hO2N2O
2Ea
qNO2
lNO2
Position
Orient.
dN2O
dN2C
hO2N2O
2Ea
qNO2

T(T)
"(")
1.22(1.22)
3.30(3.32)
129(130)
0.43
20.22
2.16
T(T)
"(")
1.22(1.22)
3.44(3.44)
131(131)
0.08
20.16

T(T)
"(")
1.22(1.22)
2.96(2.93)
129(129)
0.53
20.22
2.16
T(–)
"(–)
1.22(–)
2.95
131
0.17
20.16

lNO2

1.63

1.66

T/T
%=%
1.22/1.22
2.97/2.87
129/130
0.25/0.20
20.16/–0.17
1.70/1.71
T/T(T-B)
"/"(%)
1.23/1:22ð1:21Þ
1.58/1:77ð2:84Þ
126/128ð132Þ
2.08/0:74ð0:18Þ
20.16/–0.15
(20.06)
1.55/1.44
(0.72)

T/T
%=%
1.22/1.22
2.99/2.92
129/130
0.25/0.20
20.16/–0.17
1.70/1.71
T/T
"/"
1.23/1.22
1.58/1.75
126/128
2.07/0.71
20.16/–0.15
(20.06)
1.55/1.44
(0.72)

T/T
%=%
1.22/1.22
2.95/2.84
129/130
0.27/0.22
20.17/–0.18
1.75/1.75
T/T
"/"
1.23/1.22
1.58/1.77
126/128
2.08/0.77
20.16/–0.15
(20.07)
1.56/1.47
(0.77)

T/B
%=%
1.20/1.20
3.00/3.03
131/133
0.18/0.16
20.11/–0.13
1.36/1.52
T/T
"/"
1.22/1.21
1.58/1.67
126/127
2.71/1.64
20.08/–0.09
(20.02)
1.01/1.06
(0.53)

[a] T: top of a carbon atom, H: center of a carbon hexagon, and B: center of CAC bond;. [b] ": upright and %: tilted;. [c] For the truncated tubes, partial
charges q and local dipole moments l correspond to single-point calculations on top of PBE-D2-optimized structures under PB conditions. A “–” entry
denotes that a calculation could not be converged

For NH3, the distances are larger by 50260 pm than for NO2.
Using dispersion corrections shortens the distance by 50270
pm for NH3 and by 30250 pm for NO2. Other lengths and
angles are just as for the isolated molecules when optimized
with the same computational settings. When going from the
QUANTUM ESPRESSO default convergence criteria to the tighter
ones used in the TURBOMOLE calculations, the distance between
the NH3 adsorbate and the CNT decreases by up to 22 pm,
which indicates that the potential energy surface is quite flat
in the bonding region for this system. In contrast, NO2 is barely affected in this way, which is in line with its larger adsorption energy. Importantly, all other structural parameters are
unaffected by tightening the convergence criteria for both
molecules.
The truncated approach is considered next. For short truncated nanotube lengths, we obtain different adsorption sites
(at the top of a carbon atom, at the center of a hexagon or at
the center of a CAC bond) for NH3 molecules on a metallic
CNT depending on the functional and on the type of dispersion correction used. In all cases, an adsorption structure is
obtained which differs substantially from the PB one for the
short truncated tube when using the same functional as in the
PB case (PBE-D2). Extending the nanotubes’ lengths leads to
NH3 adsorption above a carbon atom (T) in an upright orientation on a metallic and semi-conducting tube for most cases
which is consistent with the PB results. For NH3 on a metallic
(5,5) tube, the structural parameters of the truncated model
are in very good agreement with the PB approach. The exception is the NH3 –(8,0) CNT system using PBE-D2 or PBE-D3:
here, the structure optimization leads to hollow-site adsorption. Thus, the PBE-D2 structures from the truncated approach
are not generally in agreement with the PBE-D2 PB calculation.

All adsorption energies are within the range of 20.12 to
20.33 eV, which is a little larger than the binding energies
obtained using the PB model. Cutting the CNT such that Clar
sextet theory is obeyed leads to much better agreement with
the structural parameters from the PB optimization, in particular the NAC bond distance from the PB optimization using
sharp convergence criteria of 3.47 Å is nearly perfectly
matched. This is in line with the results by Martınez et al., who
found that the finite-size Clar cell models provide a better
description for the reactivity of CNTs than the corresponding
Kekule structures.[76] However, the adsorption energy changes
only barely. This may be related to differences between the
two approaches in terms of pseudopotentials and interactions
between periodic images.[32–34] A quite large sensitivity of
adsorption energies with respect to computational parameters
has frequently been reported in the literature. The local properties obtained from “Clar-cut” single-point calculations on top
of PB optimized structures agree well with the full PB
approach, which was also the case for the analogous “straightcut” calculations.
For both truncated metallic tube lengths, NO2 molecules are
adsorbed in top position,‡ however, they are slightly tilted to


one side (30 240 ) in contrast with the PB description. The
binding energies are calculated to be between 20.16 and
20.27 eV, which is smaller than the energy obtained with the
PB approach (20.53 eV). The optimized structures of NO2 molecules on semi-conducting CNTs with different tube lengths is
shown on the left-hand side of Figure 1. The molecules are
adsorbed upright in T position, but in contrast to the proposed physisorption mechanism in the literature and to the
‡

Except for NO2 on a truncated long (5,5) CNT using B3LYP-D3(BJ).
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865

FULL PAPER

WWW.C-CHEM.ORG

Figure 2. Local dipole moments (in Debye) and charge transfer (in unit charges) of NH3 (left) and NO2 (right) molecules adsorbed on a metallic (5,5) and a
semi-conducting (8,0) CNT, respectively. PB approach: PBE-D2. [Color figure can be viewed at wileyonlinelibrary.com]

relaxed structures using the PB approach (see right-hand side
of Fig. 1), we obtain very short N–C distances for short and
longer tube lengths (1.58 Å and 1.77 Å, respectively), and large
binding energies in the range of chemisorption (Ea  20:80
eV). Truncating the tube according to Clar sextet theory again
improves the agreement between PB-optimized and
truncated-optimized structures considerably: Physisorption is
obtained, as in the PB optimizations, with very good agreement in terms of structural parameters. Interestingly, in contrast to NH3, the adsorption energies match the ones from the
PB calculations, while the local properties differ considerably.
Again, apart from the lack of PB conditions, this may be related to the differences in terms of pseudopotentials and interactions between periodic images[32–34] in the two approaches,
even though the distance between adsorbates in our periodic
structures is reasonable large (the unit cell size of 6.89 to 8.68
Å used in our work leads to intermolecular distances of roughly 5–8 Å).
Changes in local properties due to adsorption
Even if structures are not adequately reproduced by the truncated approach, it would be interesting to know whether this
approach can be used for single-point electronic structure calculations on top of structures optimized under PB conditions,
as this would still allow studying the dependence of electronic
properties on settings such as the exchange–correlation functional, and postprocessing with different analysis methods.
Therefore, the quantities most relevant for a qualitative understanding of chemical gating, namely partial charges q and
local dipole moments l of the adsorbates[67–70] are shown in
Tables 1 and 2. In Figure 2, the PB charge transfer between
adsorbates and nanotubes and the adsorbates’ dipole
moments§ obtained from AIM analysis in combination with
our generalized local dipole scheme[69,70] are depicted. The
partial charges show fairly little charge transfer from the NH3
to the nanotube, in agreement with the literature.[25–27,81] The
local dipole moment of the NH3 molecule does not change for
different tube chiralities (1.69 D) and is a little larger than the
dipole moment for an isolated NH3 molecule (1.48 D, see Table
S1 in the Supporting Information). For the NO2 -CNT system,
the total charge transfer from the metallic (semi-conducting)
§

Alternatively, subsystem DFT-based embedding approaches[77–80] may
be used to calculate the adsorbates’ dipole moments of such adsorbate–
CNT systems.
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tube to the NO2 molecule (0:1620:22 unit charges for PB/PBED2) indicates that NO2 acts as an acceptor. The NO2 molecules’
dipole moment increases strongly due to adsorption compared to the dipole moment of an isolated molecule (0.2 D to
0.3 D). The local dipole moment of NO2 on a metallic CNT is
about 0.5 D larger than the one of NO2 on a semi-conducting
CNT (1.66 D).
In accordance with the PB results, the truncated approach
also indicates that the charge transfer between NH3 molecules
and nanotubes is negligible. The dipole moment of NH3 molecules on truncated metallic nanotubes is 1.92 D for a short
and 1.85 D for a longer tube length (with PBE-D2), which is
too large by 0:1520:2 D. On semi-conducting tubes, the NH3
molecules’ dipole moments are within the range of 1:7021:85
D, with the long-tube PBE-D2 results being about 0.10 D larger
than the ones obtained with the PB approach. As the deviation between, for example, the truncated PBE and B3LYP
results is of similar magnitude, this implies that the PBE-D2
results differ more from the PB/PBE-D2 data than the truncated values among themselves when using different exchange–
correlation functionals. The AIM analysis for the truncated
tubes shows large charge transfer from the nanotube to the
NO2 molecule (about 20.16 unit charges for PBE-D2) for
adsorption on metallic and semi-conducting nanotubes, comparable with the PB approach. Here, the deviations between
truncated and PB approach are indeed smaller than between
functionals. The dipole moment of NO2 on truncated (5,5)
CNTs scatters between 1.37 D and 1.77 D, depending on the
functional and the type of dispersion correction used. The
deviations between truncated and PB approach are about as
large as between different functionals. On semi-conducting
nanotubes, the NO2 molecules’ dipole moment is calculated to
be around 1:0121:55 D, which is a little smaller compared
with the PB approach. As mentioned above, cutting the nanotubes according to Clar sextet theory leads to strong deviations in local properties from both the PB approach and the
“straight-cut” tubes, in contrast to NH3.
The fact that a “straight” truncated (and capped) tube built
from three repeating unit cells (and thus featuring three adsorbates) gives very good agreement in terms of local properties
with the results obtained under PB conditions, while “Clar”
truncated structures (which do not take into account interactions between adsorbates in adjacent unit cells) differ. This
suggests that these interactions between periodic images play
an important role for the electronic (but not structural)
WWW.CHEMISTRYVIEWS.COM
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Table 3. Overview of agreement between results for short and long truncated CNTs with reference results obtained under PB conditions.
NH3

NO2

Metallic (5,5) Semicond. (8,0) Metallic (5,5) Semicond. (8,0)
Adsorption Physisorption Physisorption
Position
Short: 

Long: 
Orientation Short: 
Short: 
Long: 
Long: 
dN2C
()
()
(丣)
(丣)
Ea
qadsorbate

()
ladsorbate
(丣)
()

Physisorption Chemisorption






()

()



丣
()
()

Notation:  good, () OK,  wrong,  too small, () little too small, 丣
too large, and (丣) little too large.

properties.[32–34] As this tube has been cut “straight,” this suggests that if the tube is long enough, the details of the cutting
scheme are not decisive anymore.
Similarities and discrepancies between both methods are
summarized in Table 3. The deviations in local dipoles imply
that not even qualitative conclusions can be drawn from the
truncated approach, for example, it would suggest that for
NH3 , the dipole moment is larger on the metallic CNT than on
the semi-conducting one. Under PB conditions, both are equal.
Thus, local properties should be evaluated as carefully as
adsorption structures. In line with earlier findings, the PB data
suggest that chemical gating can be caused by two contributions, dipole and charge transfer effects, for NO2, and by
dipole effects only for NH3. The sensitivity of NO2 adsorption
to the electronic structure of the nanotube further suggests
that this molecule may be prone to chemisorbing (for example
at defect sites), whereas NH3 would be expected to generally
physisorb.

adsorption positions or molecular dynamics are relevant. Thus,
we focus here on two “reasonable” approaches, which would
also be expected to work for large adsorbates, and investigate
by comparing them the robustness of different properties with
respect to changing computational parameters. We find that
cutting semiconducting CNTs according to Clar sextet theory
is important for obtaining good adsorption structures, while
these structures appear robust with respect to the other
parameters. The only exception are flat potential energy surfaces in the binding region (seen here for NH3), which makes
the optimized structures sensitive to the convergence criteria.
Adsorption energies and local properties may or may not be
described well by truncated approaches—here, a careful selection of computational parameters is more important than for
(supra-)molecular structures. The fact that a “straight” truncated (and capped) tube built from three repeating unit cells
(and thus featuring three adsorbates) gives very good agreement in terms of local properties with the results obtained
under PB conditions, while “Clar” truncated structures (which
do not take into account interactions between adsorbates in
adjacent unit cells) differ. This suggests that these interactions
between periodic images play an important role for the electronic (but not structural) properties, which is in line with previous results from the literature.[32–34] Thus, not only for
adsorption energies but also for local properties further
research is needed to generate a reliable yet feasible computational protocol for describing molecular adsorbates on CNTs.
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Conclusions
To summarize, we have described the supramolecular interactions between metallic and semi-conducting CNTs and NH3
and NO2 adsorbates using two different commonly used density functional theory approaches, namely a PB code based on
plane-wave single-particle basis functions and pseudopotentials, and a truncated approach based on a localized basis set,
where the CNTs were cut and capped by hydrogen atoms. As
discussed in the literature, interactions between adsorbates
and nanotubes require a careful choice of structural models
and computational parameters, in particular proper truncation
of CNTs in line with Clar sextet theory,[56] the size of the unit
cell potentially leading to interactions between adsorbates in
adjacent unit cells,[32,34] the lack of periodicity in truncated
structures requiring large structures, the use of pseudopotentials versus all-electron calculations, and the choice of selfconsistent field and structure optimization convergence criteria. Ensuring that all these parameters are chosen optimally at
the same time is often not possible in practice, in particular
when large adsorbates are considered and/or when different
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