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Since their discovery,1 carbon nanotubes (CNTs) have con-
tinued to attract a huge interest worldwide because of their

peculiar physical and chemical properties.2 In particular, the
adsorption behavior of a single-wall carbon nanotube (SWNT),
be it chemi- or physisorption, substantially differs from that of
graphite or fullerenes, and critically depends on whether the
inner or outer surface is exposed and on the tube chirality and
diameter. Understanding its characteristics and being able to
predict relevant adsorption configurations are important for com-
plementing ongoing experimental efforts in developing covalent
sidewall functionalization3 and applications of CNTs as gas
sensors4 and hydrogen storage materials.5 Although more attention
has been devoted to the interaction of CNTs with molecular
hydrogen, detailed and systematic experimental studies of the effects
of hydrogenation by atomic hydrogen or hydrogen plasma are also
available.6�10 For example, it was shown that stable hydrogenation
by atomic hydrogen can be obtained to a degree depending on the
nanotube diameter (100% for a 2 nm diameter).9

This state of affairs contrasts with the limited number of
investigations carried out with theoretical approaches. These studies
have focused either on the detailed, also quantitative, characterization
of exo- and endochemisorption of one11�13 or two13�15 hydrogen
atoms only or on the prediction of the effects of hydrogen adsorption
at high concentration16�20 and the investigation of possible storage
mechanisms.17,18,20

In particular, ab initio and PM3 calculations11 performed on a
series of armchair (n,n) SWNTs with one chemisorbed hydrogen
showed that the tube reactivity is higher at the convex surface
than at the concave one and decreases with increasing diameter.
Moreover, density functional theory (DFT)-based calculations12

of oneH chemisorption on (5,5) and (10,0) SWNTs emphasized
that this involves strong local structural changes and relatively
large binding energies (1�1.5 eV), and that the use of the
hybrid exchange-correlation (xc) functional HSE0321 does
notmodify the binding energy values obtained with the nonhybrid
PBE functional,22 but that it is necessary to represent the variation
of the band gaps induced by chemisorption correctly. Other DFT
studies,13�16 carried out on zigzag SWNT models, focused on the
adsorption of two hydrogens resulting from the dissociation of a
molecule. In particular, they revealed that one chemisorbed
hydrogen induces the formation of a wave-like modulation of
the charge density at the Fermi level, with alternate cusps and
nodes at the carbon positions, and that the cusps correspond to
energy minima for the two-hydrogen adsorbate. The lowest
energy configuration has both adsorbed atoms on the sites of a
double bond.With the exclusion of the latter, the other (metastable)
configurations are shown to give rise to double peaks in the local
density of states, which is proposed to explain the abundance of
double-peak structures in the measured scanning tunneling spec-
trum (dI/dV vs bias voltage).14

In this Article, we first examine to what extent the chemisorp-
tion of several hydrogen atoms on a CNT is “correlated” and
what the underlying mechanism is. We use DFT calculations in
the PBE approximation22 of the xc functional and show that
successive hydrogen chemisorption follows a pattern, which can
be unambiguously explained on the basis of quantum-mechanical
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ABSTRACT: Density functional theory-based calculations of the (10,0) zigzag single-
walled carbon nanotube with hydrogen chemisorbed exohedrally show that electron
pairing and strain minimization lead hydrogen atoms to cluster and preferentially sit in
axial configurations. This tendency to confine in highly ordered configurations contrasts
with the results we obtain when we employ the widely used force field AIREBO that
predicts a preference for a sparse hydrogen distribution. The nature of the frontier
orbitals is significantly dependent on the specific configuration of the adsorbate, being
either unperturbed delocalized states of the bare nanotube or localized “impurity” states.
The infrared absorption spectrum calculated for a model with hydrogen bound both on
the surface and at the edges of the nanotube allows an unambiguous assignment of the
characteristic features observed for hydrogenated single-walled carbon nanotubes.
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arguments. The most important finding is the preference for
clustering rather than sparse configurations, which we confirm
with additional calculations performed within other xc func-
tionals: the BLYP23 and the hybrid PBE0.24 We further explore
whether this tendency can be detected from the observation
of either electronic or vibrational spectra. The nature of the
Kohn�Sham states near the band edges is thus analyzed also
with the aim of verifying the validity of previous interpretations of
experimental data.14 The vibrational spectrum is also evaluated
for one of these systems (CNT-4H), which allows us to assess the
nature of the vibrational modes giving rise to characteristic peaks
in the infrared spectra of hydrogenated single-walled CNTs.6,8

We then use our ab initio results as an example for the verification
of whether classical potentials reproduce the chemistry of the CNT-
hydrogen system.This test is important because currently the study of
large-size systems of interest for technological applications cannot be
performed with DFT-based methods and requires the use of reliable
classical potentials. In particular, we investigate the Adaptive Inter-
molecularReactiveEmpirical BondOrder (AIREBO) potential25 and
apply it to determine optimal adsorption configurations.

’METHODS

We present a series of calculations on the zigzag (10,0) carbon
SWNT. As it will be specified case by case, in most calculations

the tube was represented by an isolated model consisting of 240
carbon atoms; those at the ends are saturated by hydrogen atoms
(two each).26 Additional calculations were made for models with
360 carbon atoms in a periodically repeated orthorhombic unit
cell of edges a = 38.40 Å and b = c = 21 Å.

The study discussed here for the structural, electronic, vibra-
tional properties, and binding energies relies on the Kohn�Sham
approach to DFT. In particular, the computational scheme
includes norm-conserving l-dependentMartins�Troullier pseudo-
potentials,27 and a plane-wave expansion of the wave functions
up to a 55 Ry cutoff. Systematic calculations are presented using
both PBE22 and BLYP23 approximations for the exchange-correla-
tion functionals (including spin-polarization for open-shell con-
figurations). For the 1- and 2-hydrogens chemisorption, ad-
ditional calculations are reported using the hybrid PBE024

exchange-correlation functionals and the PBE pseudopotentials.
Only the lowest spin multiplicity electron states were consid-
ered. Wave function optimization was performed with the
preconditioned conjugate-gradients method, geometry optimi-
zation with the L-BFGS method,28 and vibrational spectra were
obtained in the linear-response theory scheme.29 All of these
QM calculations used the CPMD code.30 In the calculations on
the H-passivatedmodel, the artificial periodic images were decou-
pled using the Hockney’s Poisson solver.31 In the calculation of

Table 1. Geometry Characteristics and Binding Energies (EB, in eV) per H Atom for the Low-Energy Configurations in Figure 1:
Bond Lengths d(CH), d(CC), d(CC*) (in Å), and Bond Angles (α,β) and Pyramidalization (θ) Angles (in deg)a

n (conf) EB d (C�H) d (C�Cx*) d (C�C*) α (C*CH) β (C*CC*) θ

1 1.64b 1.120 1.501 1.522 108; 106 109; 114 17.0

ref.11-PBE 1.5c 1.116 1.502 1.534 108.5; 107.5 106.4; 113.3

ref.11-HSE03 1.5c 1.085 1.493 1.522 108.5; 107.6 106.3; 113.2

2(a) 2.13 1.109 1.558 1.526 106 106; 116 16.0

3(a) 2.13 1.113 1.556 1.500 1.525 106.5 106; 115 16.5

4(a) 2.28 1.109 1.560 1.526 107 104; 116 16.6

5(a) 2.235 1.112 1.560; 1.493 1.526 107 105; 116 16.7

5(b) 2.22 1.110 1.559; 1.498 1.516; 1.583 104; 106 113; 114 14.6

6(a) 2.34 1.109 1.556 1.527 107 104; 116 16.7

7(a) 2.27 1.111 1.557; 1.498 1.527 107 104; 116 16.8

8(a) 2.385 1.109 1.555 1.527 107 103; 116 16.8
a For n > 1, average values are given. C atoms are bound to H atoms, C* atoms only to C atoms; among them, Cx*’s are the atoms closest to the C’s in the
bare nanotube (d = 1.416 Å). Cx*’s are all chemisorption sites (C) for even “n”; if not (odd “n”), distances are in italics. bThis EB value includes spin
polarization that contributes 0.10 eV. cThese values were obtained by fully relaxing a model containing 40 carbon atoms in the periodically repeated
(fixed) unit cell and using a mesh of at least 80 k-points in the first Brillouin Zone; the basis set was 6-31G for C and 6-31G** for H.

Table 2. Chemisorption Configurations for n = 1�4: PBE Results (in eV) for Binding Energies (EB) per H Atom and
Corresponding Loss Due to Deformation (ED) and “Confinement” Gain (EC)

a

n (conf)

1 2(a) 2(b) 3(a) 3(b) 3(c) 4(a) 4(b) 4(c) 4(d)

EB (QM) 1.64 [1.56] 1.65 2.13 [1.97] 2.16 1.85 [1.90] 1.87 2.13 [1.99] 2.14 2.05 [1.97] 2.09 1.73 2.28 [2.11] 2.29 2.23 [2.07] 2.26 1.88 1.85

ED (QM) �0.76 �0.52 �0.76 �0.84 �0.82 �0.83 �0.86 �0.73 �0.86 �0.73

EC (QM) 0.485 [0.41] 0.51 0.21 [0.34] 0. 23 0.485 [0.43] 0.49 0.41 [0.41] 0.44 0.09 0.64 [0.55] 0.64 0.59 [0.51] 0.62 0.24 0.21

EB (A) 3.13 2.82 3.12 2.92 2.82 2.91 2.82 2.79 2.40 3.13

ED (A) �1.23 �1.08 �1.25 �1.13 �1.06 �1.22 �1.06 �1.05 �1.12 �1.26

EC (A) �0.31 �0.01 �0.21 �0.31 �0.22 �0.31 �0.33 �0.73 0.00
aQM = DFT-PBE; A = AIREBO. Configuration labels correspond to those of Figure 1. Values in italic are obtained with the BLYP xc functional, and
in square brackets from calculations using PBC (see text). All of these values are per H atom.
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the periodically repeated system (referred to as PBC calculations),
only the Γ point of the Brillouin Zone was taken into account.

In some cases (CNT-1H and CNT-2H), all-electron DFT
calculations are also presented for the same model described
above, representing an isolated nanotube, using the meta-hybrid
M06 functional,32 with the aug-cc-pvdz basis set. These compu-
tations employed the NWCHEM code.33

Classical potential-based calculations used the AIREBO force
field25 as implemented in the Lammps code.34 Geometry opti-
mization was obtained with the conjugate-gradients method and
the Hessian matrix, using the finite differences procedure.

’RESULTS AND DISCUSSION

We consider an isolated zigzag (10,0) SWNT and represent it
with the H-passivated model described in the Methods. In
Tables 1�3, we present results for the geometric characteristics
and energies associated with the binding and the structural
deformation induced by hydrogen chemisorption. In these tables,
EB is the binding energy perH atom defined as the opposite of the
formation energy relative to the separate fragments (i.e., the CNT
in its optimized geometry and isolated hydrogen atoms) at zero
temperature (EB(n) = (E(CNT) � E(CNT+nH))/n + E(H));

ED is the loss due to the deformation of the nanotube structure
induced by chemisorption, that is, the energy difference between
the bareCNT in its optimized geometry and in the one adopted in
the CNT-nH system; and EC is the “confinement” energy per H,
the binding energy referred to the one of a configuration having
far-away (noninteracting) H atoms (EC(n) = EB(n) � EB(1)).

Figure 1 illustrates the system configurations that we calcu-
lated. For the CNT-1H and CNT-2H cases, Figure 2 shows the
change of the Mulliken population (ΔMP) induced by chemi-
sorption, which corresponds to the change of the local density of
the occupied states at the carbon sites. This helps understand the
binding mechanism.

The characteristics of the exohedral chemisorption of a single
hydrogen atom on a SWNT are well-known: strong binding
accompanied by rehybridization of the carbon states from sp2-
like to sp3-like. This variation is reflected in the increase of the
pyramidalization angle35 at the adsorption site from 5� to 17�
(Table 1). The top panel of Figure 2 displays the difference in
Mulliken population (ΔMP) between the CNT-1H system and
the bare nanotube.ΔMP is negative (�0.175) on the carbon (C0)
bound to hydrogen, as a consequence of the charge localization
induced by the formation of the σ C�H bond. The strong

Table 3. Chemisorption Configurations for n = 5�8: Results (in eV) for Binding Energies (EB) per H Atom and Corresponding
Loss Due to Deformation (ED) and “Confinement” Gain (EC)

a

n (conf)

5(a) 5(b) 5(c) 6(a) 6(b) 6(c) 7(a) 7(b) 8(a) 8(b) 8(c) 8(d)

EB(QM) 2.22 2.22 2.2352.24 2.22 2.34 2.35 2.31 2.33 2.26 2.27 2.28 2.29 2.31 2.3852.39 2.35 2.37 2.33 1.92

ED (QM) �0.93 �0.65 �0.68 �1.18 �0.57 �0.59 �1.08 �0.97 �0.63 �0.89 �0.89 �1.68

EC (QM) 0.58 0.57 0.59 0.59 0.58 0.70 0.71 0.67 0.68 0.62 0.63 0.63 0.65 0.66 0.74 0.74 0.71 0.72 0.69 0.28

EB (A) 2.88 2.78 2.82 2.82 2.77 2.81 2.86 2.77 2.82 2.76 2.80 2.60

ED (A) �1.09 �1.03 �1.04 �1.05 �1.01 �1.03 �1.08 �1.01 �1.04 �0.99 �1.04 �1.41

EC (A) �0.25 �0.35 �0.31 �0.31 �0.36 �0.32 �0.27 �0.35 �0.31 �0.37 �0.33 �0.53
aQM=DFT-PBE; A =AIREBO. Values in italic are fromBLYP calculations. All of these values are perH atom. Configuration labels correspond to those
of Figure 1.

Figure 1. CNT-nH: All configurations considered here for the systems with n = 1 (side view) and n = 2�8 (top view). Note that in 8(d), both
exohedrally and endohedrally chemisorbed hydrogens are present.

http://pubs.acs.org/action/showImage?doi=10.1021/jp208501b&iName=master.img-001.jpg&w=350&h=206
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perturbation of the π-system induced by chemisorption creates a
charge wave with a sizable partial charge localization on the
carbon atom in the para position to C0 along the axial direction
(ΔMP =�0.02) and on the one in the ortho position (sharing a
double bond in the absence of hydrogen) (ΔMP = 0.03). There
the spin density accumulates; therefore, this site is kinetically
favored for the attack of a second hydrogen. The resulting
configuration for CNT-2H is the one labeled 2(a) in Figure 1.
The deformation induced in the CNT structure (measured by
ED in Table 2) is weaker in 2(a) than in the configuration with
the second hydrogen sitting on one of the other adjacent carbons
(2(b)). As a consequence, the nucleophile addition in 2(a) is also
thermodynamically favored. The difference in binding energy
between 2(a) and 2(b) turns out to be 0.3 eV in both PBE and
BLYP (Table 2). Further calculations using the hybrid PBE024

and the meta-hybrid M0632 functional confirm this value. Our
result is also in agreement with previous GGA calculations,13�15

but the reason for it and the sizable difference from 2(b) were not
explained earlier.

In the CNT-2H system, pair configurations are clearly
strongly favored with respect to isolated chemisorption sites.
We also verified that the EC values change by less than 0.03 eV on
passing from PBE to BLYP and even increase (but by less than
0.1 eV) from PBE to PBE0. We have considered a few possible
configurations for subsequent hydrogen chemisorption, start-
ing from the “dimer” in 2(a). As can be seen in Figure 1, the n(a)
(n from 2 to 8) sequence corresponds to a linear chain parallel to
the tube axis; the 2(a)-3(b)-4(b)-5(b)-6(b) to an armchair arrange-
ment, and the 2(a)-3(b)-4(b)-5(c)-6(c) to a zigzag one. Char-
acteristic changes in the environment of the chemisorption
carbon sites are reported in Table 1 for the axial ordering, which
is energetically favored for n = 2�4 (Table 2). The energy dif-
ference between the (a) and (b) isomers decreases for n > 4
(Table 3) and falls within the error introduced by the CNT
termination of our model (∼0.01 eV). We have repeated some of
the calculations on a (10,0) SWNT model of 360 carbon atoms
using (fixed) PBC (seeMethods). The trends and energy ranking
remain unaltered. However, also these calculations cannot guar-
antee a higher accuracy and suffer from systematic errors. For
example, hydrogen chemisorption on the carbon atoms of
a “double bond” causes a lengthening of the tube in theH-passivated
model, which is inhibited by the PBC constraint. By not allowing
sufficient geometry relaxation to axial hydrogen sequences, these

calculations tend to predict a slightly weaker bonding for the (a)
structures and smaller (a)�(b) energy differences. These results
are also reported in Table 2.

On the basis of the ΔMP distribution (Figure 2), one could
speculate on the kinetically favored configurations.With the “dimer”
in 2(a), one would predict that the next hydrogen sticks on one of
the adjacent positions as in 3(b); likewise, starting with the dimer
in 2(b), the next hydrogen is more likely to stick on one of the
axial nearest neighbors as in 3(a). However, the (positive) values
ofΔMP at the close empty sites are much smaller (0.003) in 2(a)
than in 2(b) (0.027), and there is a negligible difference in the
energy loss ED due to structural deformation in the 3(a) and 3(b)
isomers. As a consequence, the 3(a) configuration is thermo-
dynamically favored. Electronic effects also dominate the ranking of
the tetramer adsorbate: The comparison of 4(c) and 4(d) with 4(a)
and 4(b), in which the H atoms are closer, demonstrates the crucial
role of electron pairing. For n=5, 6, 7, and 8, the (a) and (b) isomers
are almost “energetically degenerate”. The 8(d) isomer has mixed
(symmetrically distributed) exo- and endohedral adsorption posi-
tions; it is remarkably less stable than the (a)�(c) structures
because, as explained in ref 11, the binding is weaker on the
concave than on the convex surface of the tube.11�13

The existence of a correlation between the hydrogen chemi-
sorption sites was predicted in ref 14 as an electronic effect due to
the formation of a charge wave at the Fermi level. Electron-
pairing was considered15 the predominant factor in determining
the energetics of the CNT-2H isomers, and, on this basis,
adsorbates consisting of dimers were predicted to dominate
the configurations of hydrogenated CNTs.15 Our calculations
confirm that for an even number of hydrogen atoms, electron
pairing is critical in driving them to closer distances, but that it is
not necessarily the decisive factor in the ranking of close-by
geometries. In the case of the CNT-2H (a) and (b) isomers, for
example, that role is played by strain relaxation. An odd�even
alternation can be recognized in the binding energies of the
lowest-energy configurations, but only within 0.1 eV.

As can be seen in Tables 2 and 3, the AIREBO scheme does
not reproduce the trends found in the DFT results and sig-
nificantly overestimates both the binding strengths (on average
at least 0.5 eV higher) and the energy losses ED associated with
the structural deformation of the tube induced by H addition.
The effects of electron pairing are missed as well as the peculiarity
of the “dimer” configuration on the CNT; as a consequence,
most of the physicochemical characteristics of the CNT-nH
systems cannot be correctly represented. In all cases, quantum-
mechanical (QM) calculations predict a strong tendency of the
hydrogen atoms to cluster (EC > 0), whereas the AIREBO
potential strongly favors the opposite behavior (EC < 0), con-
figurations with far-away chemisorption sites.

To understand to what extent the electronic structure reflects the
structural characteristics of different configurations, we considered
the Kohn�Sham (KS) spectrum of occupied and low-lying empty
states. The available experimental reports emphasized the presence of
peaks near the band edges and suggested an interpretation in terms of
doublets associated with hydrogen dimers.14,15 The KS calculations
presented in ref 14 for several CNT-2H isomers identified indeed
pairs of dispersionless energy bands and showed that a few high-
energy configurations produced a doublet inside the energy gapof the
nanotube. However, the 2(a) (ground state) was not discussed, and
in the 2(b) isomer no doublet was found to lie in the gap.

An interesting scenario emerges from our calculations
(performed using the PBC approach). The HOMO�LUMO

Figure 2. CNT-nH: Differential Mulliken population ΔMP for n = 1
(upper panel) and n = 2 (2(a) in the middle panel and 2(b) in the lower
panel). Blue: ΔMP < 0. Red: ΔMP > 0. The color intensity decreases
with decreasing value of |ΔMP|.

http://pubs.acs.org/action/showImage?doi=10.1021/jp208501b&iName=master.img-002.jpg&w=128&h=139
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gap Eg of the bare CNT is 0.78 eV in the PBE calculations.
A single hydrogen (CNT-1H) creates an “impurity” state in the
gap, at 0.2 eV above the occupied levels of the CNT. Sparse, non-
interacting hydrogens would then generate a dispersionless
impurity band at that energy. On the contrary, clustering induces
more complex features in the electronic energy spectrum.
A doublet in the gap of the bare tube appears in 2(a), reducing Eg
by 0.3 eV, but not in 2(b), where Eg remains unaltered (within
0.02 eV). Correspondingly, in 2(a) the HOMO (Figure 3A) is
simply that of the bare tube bearing a perturbation at the chemi-
sorption site, and the LUMO (Figure 3C) is a new “impurity” state
mainly localized in the region where chemisorption takes place,
whereas in the 2(b) geometry, both the HOMO (Figure 3B) and
the LUMO (Figure 3D) bear a high resemblance with those of the
bare tube, with weak amplitude at the chemisorption sites. In 2(b),
an “impurity” level is identified among the unoccupied levels, at
about 1.1 eV above the HOMO. Others emerge in the spectrum of
the occupied levels, at 0.6 and 0.2 eV below the HOMO in 2(a)
(Figure 3E) and 2(b) (Figure 3F), respectively. The 1.3 eV splitting
of the impurity levels in 2(b) corresponds well with the 1.4 eV
calculated in ref 14.

In the CNT-4H system, theHOMO�LUMOgap Eg is further
reduced to 0.3 eV in both 4(a) and 4(b) isomers. Also, in both,
the HOMO (Figure 4A for 4(a)) and the LUMO (Figure 4B for
4(a) and Figure 4C for 4(b)) are delocalized, and the LUMO has
a larger amplitude in the region where chemisorption takes place.
This is especially the case in 4(b). “Impurity” levels lie at about

0.6 eV below the HOMO in both configurations (Figure 4D for
4(b)). InCNT-6H(a) andCNT-8H(a), theHOMOand LUMO,
which are separated by 0.2 and 0.02 eV, respectively, share the
characteristics described for the 4(a) isomer.

Despite the gap underestimate, which is intrinsic to the DFT-
PBE calculations, we can conclude that theHOMO�LUMOgap
tends to decrease with increasing number of the H atoms and
eventually close at a critical number/concentration nc (>8). The
gap reduction is due to the progressive destabilization of the
HOMOs and especially to the stabilization of the LUMOs. Note
that, as one can see in Figure 4, the HOMOs have antibonding
character for the π-states between the CH units, whereas the
LUMOs have bonding character. Tunneling near the band edges
may or may not be effective, because the levels corresponding to
the states that produce higher contrast (the “impurity” levels)
may or may not be at those energies, depending on the number
and specific arrangement of the CH bonds.

Finally, we calculated the spectrum of the infrared-active
vibrational modes of the CNT-4H (4(a)), in the harmonic
approximation.We used the model with CH2 termination, because
it enables us to interpret experimental data onCNT systems6,8 that
contain not only CH units but also hydrogen atoms bonded to
under-coordinated carbons at defect sites and at the ends of
suspended SWNTs. The PBE results are shown in Figure 5. To
investigate the effect of the “borders” overall, we have projected
out their contributions; in this way, it is also possible to identify
the strong contribution of the CH2 moieties in the far-infrared
(below 400 cm�1).

The CH stretching modes are easily detectable as they are
separated by a gap of about 1200 cm�1 from the top of the
SWNT, which occurs at ∼1600 cm�1 in agreement with typical
IR CNT spectra.36 The portion of the spectrum associated with
CH stretching vibrations appears as bimodal; the lowest struc-
ture, with a maximum around 2780 cm�1, belongs to the CH2

groups (symmetric), whereas the highest one, with a maximum
at 2890 cm�1, comprises, in addition to the CH2 groups
(asymmetric), the stretching vibrations of the four CH units.
Our calculations also reveal that the oscillator strengths asso-
ciated with a bond in a CH2 group involved in the two stretching
modes (fs or fa) and that of an individual CH unit (f1) are in the
ratio fs:fa:f1 = 12:4:1. These results are in close agreement with

Figure 3. CNT-2H: Representative isosurfaces of the wave functions
corresponding to the HOMO (A and B), LUMO (C and D), and an
occupied “impurity” state (E and F) (see text). Structure 2(a) on the left;
2(b) on the right.

Figure 4. CNT-4H: Representative isosurfaces of the wave functions
corresponding to the HOMO (A) and LUMO (B) in the 4(a) struc-
ture; and to the LUMO (C) and HOMO-2 (D) in the 4(b) structure
(see text).

Figure 5. CNT-4H 4(a): Imaginary part of the dielectric function
calculated in the harmonic approximation (see text). The inset empha-
sizes the structure of the highest peaks.

http://pubs.acs.org/action/showImage?doi=10.1021/jp208501b&iName=master.img-003.jpg&w=240&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/jp208501b&iName=master.img-004.jpg&w=240&h=100
http://pubs.acs.org/action/showImage?doi=10.1021/jp208501b&iName=master.img-005.jpg&w=218&h=166
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the experimental findings of ref 8; in particular, they confirm the
assignment there given and are consistent with the observed
relative intensities. However, as usual, PBE predicts too soft
modes. In ref 8, the vibration band extends between 2750 and
3000 cm�1 with peaks centered at 2850 and 2920 cm�1. We note
that the value of the frequency at which the highest peak is
centeredmust depend, to some extent, on the relative numbers of
CH and CH2 groups. Other FTIR measurements6 on SWNTs
subjected to a cold plasma-generated hydrogen atoms detect this
band at 2924 cm�1, which is also ascribed to CH stretching modes.

Regarding the issue of “sparse” versus “clustered” configura-
tions of the CH bonds generated by chemisorption, we can
conclude that, as long as CH2 groups are present and dominate,
the overlap of their spectral features with those of the CH
moieties makes it difficult to extract precise information from
an IR spectrum. However, an analysis of the fine structure of the
highest IR peak under controlled hydrogenation could distin-
guish the different contributions.

The AIREBO potential is known37 to predict a vibrational
spectrum of the tube more extended than the experimentally
observed one. For the model we have considered here, CH
vibrations contribute to a vast spectral range, even beyond that of
the C�C stretching modes, up to 1900 cm�1. Regarding the
density of states corresponding to the stretching vibrations of the
chemisorbed four CH’s and the CH2 groups, peaks emerge at
2870 and 2935 cm�1. In contrast to our results and previous
assignments,8 the stretching modes of the CH units here are
overlapping with the symmetric modes of the CH2 groups in the
lowestmaximum at 2870 cm�1. Therefore, while the CHmoieties
increase, AIREBOwould suggest a change of the relative intensity
of the two peaks that is inverted with respect to our predictions.

’CONCLUSIONS

Our results clarify that on the exterior surface of a CNT,
chemisorbed hydrogen atoms prefer ordered configurations and
tend to cluster. This characteristic, which emerges from our DFT
calculations, contradicts the conclusions one would draw from
computations based on a classical force field (AIREBO) that
favors arrangements with CH units “dispersed” and distant.38

Starting from the case of 2H’s that strongly prefer the ortho
to the para position, the pattern of energetically favored chemi-
sorption sites on the tube is different from that predicted for
graphene.39 The AIREBO scheme, on the contrary, does not
appear to capture the differences in chemical behavior related to
the curvature of the nanotube as compared to graphene, which
are however important for a correct description of the interaction
with atomic hydrogen.40

DFT-PBE calculations of the dipole-allowed vibrations of a
model CNT containingCH andCH2 groups are able to characterize
their contributions to the infrared spectrum measured for hydro-
genated suspended SWNTs.8 Application of the AIREBO force field
to the same model reveals important discrepancies.

The analysis of our results for the electronic states at the band
edges shows that their nature and their extension depend
strongly on the specific structure of the adsorbate. Moreover,
the HOMO�LUMO gap tends to close with increasing hydro-
gen concentration in the range we consider. At full coverage,
however, the system is not expected to bemetallic (see, e.g., ref 18),
having all carbons saturated; therefore, one can also predict that
a further increase of chemisorbed hydrogen will gradually drive
the transformation from a “metallic” to a “semiconducting” state.

This behavior deserves attention in view of the associated change
one can envisage in the response of a (functionalized) nanotube
when used as gas sensor.

Significant energy differences between different hydrogen
configurations reflect the site-specificity in the tube. Therefore, they
will then tend to diminish for increasing diameter and decreasing
curvature.

The study presented was mainly focused on the search and
analysis of the low-energy structures of CNT-nH systems. On the
other hand, the measurements so far available6,8,13,14 refer to
nanotubes subjected to “aggressive” hydrogenation procedures
that have probably led to kinetically driven configurations. To
probe the ones thermodynamically relevant, one viable path
could be hydrogenation followed by controlled thermal anneal-
ing in atomic hydrogen atmosphere.

This work is our first step within a project aimed at characteriz-
ing the chemisorption of several atomic species on the SWNTs,
including the reaction dynamics.
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