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Abstract: We combine experimental observations with ab initio calculations to study the reversible
hydrogenation of single-wall carbon nanotubes using high boiling polyamines as hydrogenation reagents.
Our calculations characterize the nature of the adsorption bond and identify preferential adsorption
geometries at different coverages. We find the barrier for sigmatropic rearrangement of chemisorbed
hydrogen atoms to be ∼1 eV, thus facilitating surface diffusion and formation of energetically favored,
axially aligned adsorbate chains. Chemisorbed hydrogen modifies the structure and stability of nanotubes
significantly and increases the inter-tube distance, thus explaining the improved dispersability in solvents
like methanol, ethanol, chloroform, and benzene.

I. Introduction

The continuing interest in single-wall carbon nanotubes1,2

(SWNTs) is based on their well-defined structure, stability, and
many interesting properties linked to their small diameter and
large aspect ratio.3 SWNTs usually exist as bundled structures
held together by a combination of van der Waals and very weak
covalent interactions.4 Since the most intriguing applications
in nanoelectronics and structural materials require isolated
SWNTs,5 the development of efficient methods to debundle and
disperse SWNTs is highly desirable. Techniques to disperse
SWNTs include physical agitation using ultrasonic waves and
the addition of chemical surfactants or polymers. Ultrasonic
cavitation is known to be destructive and can shorten SWNTs.6,7

Cavitation is also reported to induce undesired chemical

reactions between SWNTs and dispersing solvents likeortho-
dichlorobenzene.8 Surfactant or polymer additives coat SWNT
surfaces and thus effectively reduce inter-tube attraction. They
do not however penetrate deep into rigid nanotube bundles
limiting their ability to disperse high concentrations of SWNTs.

Chemical functionalization of SWNTs has emerged as a
powerful, alternative approach to disperse SWNTs. The well-
studied oxidation of SWNTs using some combination of sulfuric
acid, nitric acid, and occasionally hydrogen peroxide9,10has been
demonstrated to result in better dispersions of SWNTs in
aqueous solution, consistent with the addition of polar, hydrogen-
bonding functional groups. This harsh treatment is known to
open SWNT endcaps, shorten tube lengths, and leave carboxylic
acid functional groups at dangling carbon atom sites.

Other chemical functionalization strategies improve SWNT
dispersion in less destructive manners. These include azomethine
ylide addition,11 aryl diazonium addition,12 and fluorination.13,14

These chemistries largely impact the sidewalls of the SWNTs
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with each addition converting an sp2 C into an sp3 C. The
addends disrupt intertube van der Waals interactions leading to
enhanced dispersions.

Here, we describe a new chemical functionalization strategy
that utilizes high boiling polyamines as hydrogenation reagent.
The polyamine based hydrogenation of SWNTs is both efficient
and thermally reversible. Polyamine hydrogenated SWNTs (H-
SWNTs) disperse well in common organic solvents like
methanol, ethanol, chloroform, and benzene. Spectroscopic
evidence combined withab initio calculations confirms hydro-
gen chemisorption on the nanotube walls. Theoretical results
characterize the nature of the adsorption bond, identify the
preferential adsorption geometries at different coverages, and
provide quantitative predictions for the effect of hydrogen on
the inter-tube distances and interaction energies. Electron
microscopy observations, in accord with calculations, indicate
that H-SWNTs are weakened structures with significant surface
modifications and reduced inter-tube attractions.

II. Experimental Section

SWNTs with stated purities in excess of 90% were purchased from
Cheap Tubes, Inc. Several commercially available high boiling
polyamines were successfully utilized as SWNT hydrogenation reagents.
They include diethylenetriamine (DET, bp 206°C), triethylenetetramine
(TET, bp 266-7 °C), tetraethylenepentamine (TEP, bp 340°C) and
pentaethylenehexamine (PEH, bp 380°C). For all but PEH, hydrogena-
tion of SWNTs requires operating at temperatures above the boiling
point of the corresponding polyamine. Elemental Co (Sigma-Aldrich)
with a particle size less than 2µm is subjected to ball milling (Retsch
Mixer Mill 200) at 30 Hz for 100 min to produce Co particles with an
average diameter of less than 1µm. The ball-milled Co is added directly
to the polyamine solutions prior to reaction. In a typical polyamine
hydrogenation reaction, 5-10 mL of polyamine containing 10 mg Co
is utilized for every 100 mg of SWNT. The SWNTs and polyamine
are placed in a stainless steel vessel that is sealed and heated to
500 °C for 16-24 h. After cooling, the vessel is opened (CAUTION:
pressure release-this operation should be completed in a vented fume
hood), ethanol is added, the reaction mixture is filtered, and the solids
are washed with copious ethanol to remove polyamine and associated
byproducts. The remaining crude reaction mixture is dried under
vacuum and characterized.

The morphologies of SWNTs before and after polyamine hydrogena-
tion were compared using a Zeiss/LEO 922 Omega Transmission
Electron Microscope (TEM) with accelerating voltages of 120 kV and
200 kV. TEM samples were prepared by placing dispersions on either
holey carbon or holey silicon grids and then evaporating the solvent.
Raman spectra of H-SWNTs were acquired using a RamanRxn1
Microprobe analyzer (Confocal Raman Microscope, Kaiser Optical
Systems). Infrared spectra of H-SWNTs were acquired using a Thermo-
Nicolet 6700 FT-IR spectrometer. Fluorolube mulls were prepared
by mixing nanotubes and fluorolube oil using a mortar and pestle. The
resulting mull was placed between two NaCl plates and the plates
pressed together prior to recording the first IR spectrum. Using an
iterative process, the film between the NaCl plates was systematically
thinned by removing mull from the plates and re-recording until IR
spectra of suitable quality were obtained.

III. Computational Methods

To gain fundamental insight into the polyamine hydrogenation
process, we studied the hydrogenation reaction, the interaction of
hydrogen with carbon nanotubes, and the effect of hydrogen on the
nanotube morphology and inter-tube interactions usingab initio density
functional calculations. Our geometry optimization and total energy
calculations are based on the density functional theory (DFT) within

the local density approximation (LDA), utilizing first-principles pseudo-
potentials, as implemented in the DMol315 and SIESTA16 software.

In our DMol315 calculations of the interaction of hydrogen with
graphene, we used the parametrization of Perdew and Wang17 for the
exchange-correlation energy and a double numerical basis set, including
polarization functions on all atoms (DNP). The DNP basis set
corresponds to a double-ú quality basis set with ap-type polarization
function added to hydrogen andd-type polarization functions added to
heavier atoms, and is comparable to 6-31G** Gaussian basis sets,18

providing better accuracy at a similar basis set size.15,19In the generation
of the numerical basis sets, we used a global orbital cutoff of 3.7 Å.
The energy tolerance in the self-consistent field calculations was set
to 3× 10-5 eV. Optimized geometries were obtained without symmetry
constraints, using an energy convergence tolerance of 3× 10-4 eV
and a gradient convergence of 5× 10-2 eV/Å.

In our SIESTA16 calculations of the structural evolution of hydro-
genated single wall carbon nanotubes, we used an optimized double-ú
basis set with polarization orbitals,20 the Perdew-Zunger21 parametriza-
tion of the exchange-correlation functional, and norm-conservingab
initio pseudopotentials22 in their fully separable form.23 We used 10-2

eV/Å as a strict gradient convergence criterion when determining
optimum adsorption geometries.

In order to investigate the interaction of hydrogen with sp2-hybridized
carbon nanostructures, we compared results for narrow single-wall
nanotubes to those for graphene, representing the large-diameter limit
for nanotubes. The graphene studies were performed for two graphene
monolayers with Bernal stacking. In agreement with experimental data,
we found the lattice parameter of the relaxed hexagonal primitive unit
cell to bea ) 2.45 Å, corresponding to a C-C bond length of 1.42 Å.
Our calculations were performed using 3× 3 × 1 supercells, separated
by c ) 10.00 Å along thez direction. The Brillouin zone was sampled
using a 4× 4 × 1 k-point mesh for structural optimizations. Our
nanotube studies were performed for (6,6) armchair nanotubes. To
represent adequately isolated chemisorbed hydrogen atoms on the (6,6)
nanotube in a supercell geometry, we used large unit cells consisting
of 6 primitive unit cells and containing 144 C atoms.

For the sake of comparison with FT-IR data, we also calculated
the normal modes of model hydrogenated carbon nanostructures.
Starting from the relaxed geometry of a given model structure, we
constructed the Hessian matrix using finite differences of the analytic
gradient of the energy with respect to the atomic positions. The Hessian
was evaluated using a 2-point difference of analytic forces, the finite
differenciation proceeding from atom to atom. The vibrational frequen-
cies were obtained by matrix diagonalization of the resulting Hessian
matrix in mass-weighted Cartesian coordinates. In turn, diagonalization
of the Cartesian matrix yielded the vibrational normal modes.

IV. Results and Discussion

A. Experimental Evidence of SWNT Hydrogenation and
De-bundling. The chemistry underlying the polyamine hydro-
genation process evolved from our successful polyamine
hydrogenation of other nanostructured carbons, namely [60]-
fullerene,24 [70]fullerene, and large fullerenes up to and includ-
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ing [250]fullerene.25 Previous approaches to hydrogenate SWNTs
have utilized dissolving metal reductions,26 high presssure
hydrogenations,27,28or H-plasma procedures.29-31 We consider
the polyamine hydrogenation process to be superior to other
hydrogenations because it is simple, high yielding, easy to
workup and scalable.

Because SWNTs are less reactive than fullerenes, we have
utilized relatively high reaction temperatures and elemental
cobalt as catalyst. Similar conditions have also been employed
to hydrogenate fullerenes.25 For both fullerenes and SWNTs,
we observe only hydrogenation, and do not observe alkylation
or amination, or any other byproducts.

TEM images recorded before and after polyamine hydrogena-
tion of SWNTs reveal striking differences. Before hydrogena-
tion, the pristine SWNTs are largely bundled, as expected. After
polyamine hydrogenation, the H-SWNTs appear as highly
dispersed solids on the TEM grid as shown in Figure 1. These
observations are corroborated by attempts to disperse SWNTs
and H-SWNTs in organic solvents. After 30 s of low-power
sonication in methanol, pristine SWNTs quickly fall out of
solution, as illustrated in Figure 2. By contrast, H-SWNTs stay
well dispersed for days. H-SWNTs also stay well dispersed for
days or longer in a variety of other common organic solvents
including ethanol, chloroform, and benzene.

Electron microscope images of H-SWNTs, shown in Figure
3, reveal significant surface modification as a result of polyamine

hydrogenation. The hydrogenated nanotubes are weakened
structures that are prone to fracture during irradiation. Thermal
gravimetric analysis (TGA) under an inert gas atmosphere
indicates an 8% weight loss from room temperature to 800°C.
Pekker and co-workers reported qualitatively similar TGA data
for SWNTs hydrogenated using a dissolving metal reduction,32

but they observed less than 5% weight loss up to 900°C,
indicating overall lower levels of hydrogenation. In Pekker’s
work, the effluent gases were analyzed by a mass spectrometer
revealing the release of several molecules including hydrogen,
methane, and methanol. Thus, also for our H-SWNTs, the H:C
ratio cannot be determined based upon TGA analysis alone.
However, given the qualitative similarities between the TGA
curves, we expect at least 1 H atom for every 10 C atoms on
the polyamine hydrogenated SWNTs.

TEM analysis of the residual tubes after thermal annealing
to 800 °C provides evidence for the reversible nature of
hydrogenation. After annealing, as seen in Figure 4, the sample
structure strongly resembles that of pristine SWNTs before
hydrogenation.

Our Raman characterization of the H-SWNTs is consistent
with the formation of functionalized SWNTs, in which sp2

carbons are converted to sp3 carbons. As seen in the Raman
spectra depicted in Figure 5, the D band, indicative of sp3 carbon
formation along the sidewalls of the SWNT and centered at
approximately 1300 cm-1, grows relative to the graphitic G
band, centered at approximately 1580 cm-1, following the
hydrogenation.

To further characterize the nature of the bonding to SWNTs,
we observed vibrational spectra of H-SWNTs using infrared
spectroscopy. Our FT-IR spectra reveal C(sp3)-H stretching
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Figure 1. Transmission Electron Microscope (TEM) images of (a) bundled
SWNTs before hydrogenation and (b) debundled H-SWNTs after polyamine
hydrogenation.

Figure 2. Visual comparison of SWNT and H-SWNT suspensions in
methanol for variable times after 30 s of low-power sonication. Time since
sonication is 30 s (a); 5 min (b); 1 h (c); and 48 h (d).

Figure 3. Time sequence of Transmission Electron Microscope images of
de-bundled H-SWNTs after polyamine hydrogenation. Hydrogen-induced
destabilization makes nanotubes prone to fracture, as seen by changes in
the circled areas of (a).

Figure 4. Transmission Electron Microscope image of the initially
hydrogenated H-SWNT system of Figure 1(b) following dehydrogenation
by annealing at 800°C.
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vibrations at 2962 cm-1, 2918 cm-1, and 2849 cm-1 as
illustrated in Figure 6. Additional IR bands include a relatively
intense band at 1580 cm-1 corresponding to CdC double bond
stretching. Our experimental values for C(sp3)-H stretching
vibrations are in close agreement with those recorded for
SWNTs hydrogenated using a H plasma29 (2955 cm-1, 2924
cm-1, and 2854 cm-1).

B. Theoretical Results for the Interaction of Hydrogen
with sp2-Bonded Carbon Nanostructures.In order to gain
fundamental insight into different aspects of the SWNT
hydrogenation reported here, we studied the hydrogenation
mechanism and the interaction of hydrogen with sp2-bonded
carbon nanostructures. Usingab initio density functional
calculations, we investigated the nature of the hydrogen adsorp-
tion bond and the effect of hydrogen on the morphology and
intrinsic stability of individual nanotubes and graphene. As a
relevant counterpart to the experimental observations, we present
quantitative results for hydrogen-induced changes of the interac-
tion energies and inter-wall distances in assemblies of SWNTs
and graphene layers.

Published theoretical results include studies of the bonding
character of isolated H atoms on graphitic carbon33 and
controversial results regarding the preferential arrangement of
hydrogen pairs on a graphene layer.34-36 Other investigations
address the relative stability of hydrogen pairs adsorbed on the
same or on different sides of a graphene layer,37 and study

graphene with high hydrogen coverage.38 Theoretical studies
of hydrogen-covered nanotubes focused on hydrogen-induced
electronic structure changes,39 the relative stability of different
adsorption arrangements,37,40,41the possibility of phase-separa-
tion into high- and low-coverage regions,42 and the possibility
of axial nanotube cleavage by unzipping in the presence of
exohedrally adsorbed H atoms.41,43

1. Interaction of Hydrogen with Graphene.We started with
the simplest geometry, which involves adsorption of atomic
hydrogen on graphene, a good model for a wide-diameter carbon
nanotube. Results for the equilibrium adsorption geometry,
depicted in Figure 7, parts a and b, suggests that hydrogen
preferentially adsorbs on top of carbon atoms at low coverage.
In this adsorption geometry, H interacts with the initially unfilled
C2pz orbital on graphene, forming a 1.13 eV strong covalent
bond, characteristic of chemisorption. The charge distribution
in the H-covered graphene system is depicted in Figure 7c. The
nature of the H-C bond can be best seen by inspecting the
difference of the total charge density of the system and the
charge density associated with the isolated graphene and
hydrogen subsystems, shown in Figure 7d. By forming the
additional chemisorptive bond, the bonding character of the
graphene substrate changes locally from sp2 to sp3, thus causing
local pyramidalization of the initially planar graphene layer, seen
in Figure 7b. The change in bonding character not only makes
the hydrogenated surface more reactive, but also destabilizes
the graphitic structures, making them more prone to fracture as
observed in Figure 3.

At higher coverages, we borrow the terminology used to
identify substitutional isomers of benzene, and distinguish pairs
of hydrogens adsorbed on adjacent carbon sites, called an ortho
arrangement, from pairs of hydrogens on opposite corners of a
single C6 ring, called a para arrangement.36 In the meta
arrangement, hydrogens are neither adjacent nor opposite to each
other on a single C6 ring. The relative stability of these(33) Jeloaica, L.; Sidis, V.Chem. Phys. Lett. 1999, 300, 157.
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Figure 5. Raman spectra of pristine (SWNTs; dotted line) and hydrogenated
(H-SWNTs; solid line) single-wall carbon nanotubes.

Figure 6. Infrared spectra of hydrogenated nanotubes.

Figure 7. Chemisorption of hydrogen on graphene. Schematic adsorption
geometry is shown (a) in top view and (b) in side view, with the cutting
plane indicated by the dashed line in (a). Carbon atoms are shown as white,
hydrogen atoms as black spheres. (c) Total pseudo-charge densityFH/graphene(r)
and (d) charge density difference∆F(r) ) FH/graphene(r) - FH(r) - Fgraphene-
(r), displayed in the plane used in (b).
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arrangements is a matter of controversy. Whereas the para
arrangement has been claimed to be more stable than the ortho
arrangement,36 the opposite stability preference has also been
proposed.34,35Our results, obtained in large 4× 4 × 1 supercells,
indicate a binding energy for hydrogen of 1.37 eV in ortho and
1.38 eV in para positions, with a negligible energy difference
of 0.01 eV. We found that the large adsorption energy
differences reported in these arrangements34-36 were artifacts
introduced by the combination of adsorbate-induced stress in
the graphene lattice and too small unit cells used in the
calculation. Hydrogen binding at meta sites is significantly less
favorable.

To study the surface hydrogenation of graphene/graphite, we
utilized a H patterning similar to a literature example34

representing a H/C ratio of 44%, close to the experimental H
saturation coverage ranging between 40%44,45and 45%.46 This
surface hydrogen adsorption geometry corresponds to a com-
bination of H atoms arranged as contiguous quartets, bonded
to a four-atom segment of a C6 ring. These quartets are
surrounded by dimers in second neighbor sites, occupying para
or meta (but not ortho) positions.34 A snapshot of the optimized
geometry of a H-covered graphene monolayer in Figure 8b
depicts likely arrangements of H atoms and the H-induced
corrugation of graphene.

Next, we considered the effect of hydrogen chemisorption
on the interlayer interaction in a graphene bi-layer. In Figure 9
we compare the equilibrium geometry of a pristine graphene
bilayer to a snapshot of the optimized bilayer geometry in
presence of hydrogen. In the H-covered system, depicted in
Figure 9b, we observe a tendency of H atoms, chemisorbed on
each monolayer, to form an ordered interface. Upon hydrogena-
tion of this model system, the interlayer spacing between the
graphene monolayers increased fromdiw ) 3.23 Å in the pristine
system todiw ) 3.93-5.23 Å. We also found the energy to
separate a graphene bilayer to increase from 1.34 eV/nm2 in
the pristine system to 1.68 eV/nm2 in the hydrogen-covered

system. The increased interlayer separation in the hydrogenated
system is caused by the pyramidalization at C sites connected
to H atoms. The resulting surface corrugation, depicted in Figure
9b, is to some degree analogous to that observed in H-SWNTs,
shown in Figure 3.

2. Interaction of Hydrogen with Carbon Nanotubes.Even
though graphite serves as a very good model for carbon
nanotubes, the effect of hydrogen adsorption on the two systems
differs for several reasons. For one, single-wall carbon nano-
tubes, obtained by rolling up a graphene strip, are intrinsically
more rigid and more difficult to deform than graphene mono-
layers. Also, in contrast to planar graphene, nanotubes are under
internal stress. Local weakening of the carbon backbone
structure in the vicinity of chemisorbed hydrogen favors stress
release associated with significant structural changes. Finally,
the local nanotube curvature adds fractional sp3 character to
the dominant sp2 bonding character especially in narrow
SWNTs, making them more reactive.

Once a hydrogen atom is chemisorbed on a nanotube, it may
move from one adsorption site to another by overcoming the
activation barrier for displacement, which may be lower than
the desorption energy. We determined the activation barrier
associated with hydrogen diffusion along the nanotube surface
by optimizing the adsorption geometry of hydrogen constrained
to a plane normal to the nanotube axis. Using a succession of
constraining planes, which define the axial position of hydrogen,
we obtained a total energy profile. Interpreting this energy
profile leads to the interesting result that sigmatropic rearrange-
ment associated with the diffusion of isolated H atoms along
the tube surface requires an activation barrier of only∼1 eV,
end even less for pairs. Consequently, the hydrogens should be
moderately mobile on the nanotube under the experimental
reaction conditions, capable of locating the optimum adsorption
site.

To identify the preferred adsorption site, we optimized the
H adsorption geometry on a (6,6) nanotube for selected low-
coverage adsorbate arrangements, shown in Figure 10, and
compared their energy. In the following, we will list the
calculated hydrogen binding energies on the nanotube per pair
of adsorbed hydrogen atoms, with respect to free H2 molecules,
based on DFT total energies of the reference systems.

In the nonplanar geometry of a nanotube, we expect the
energetic preference between ortho and para arrangements of
hydrogen pairs to differ from our above results for graphene
due to differences in the associated level of nanotube stress
release. A pair of H atoms prefers to chemisorb on an armchair
(6,6) SWNT exohedrally in ortho geometry, bonded to a pair
of neighboring carbons aligned along the nanotube axis, as
shown in Figure 10a. Also on the zigzag (12,0) nanotube, ortho
adsorption of hydrogen pairs along the axis is favored energeti-
cally. As an interesting general trend, we thus predict that
chemisorbed hydrogens should preferentially form axially
aligned chains. An isolated pair of ortho H on a (6,6) SWNT
gains 0.15 eV with respect to free H2. As discussed earlier, H
chemisorption causes pyramidalization at the nanotube surface,
which in this case translates into a radial outward displacement
by 0.46 Å of the underlying C atom.

Even more stable than an isolated pair of ortho adsorbates is
a chain of exohedral ortho hydrogens, aligned along the tube
axis, schematically shown in Figure 10b. In this geometry, each

(44) Haasz, A. A.; Franzen, P.; Davis, J. W.; Chiu, S.; Pitcher, C. S.J. Appl.
Phys. 1995, 77, 66.

(45) Zecho, T.; Gu¨ttler, A.; Küppers, J.Carbon2004, 42, 609.
(46) Ugolini, D.; Eitle, J.; Oelhafen, P.Appl. Phys. A: Solids Surf. 1992, 54,

57.

Figure 8. Optimized geometry of (a) pristine graphene and (b) hydroge-
nated graphene, illustrating the H-induced corrugation of the initially planar
layer. Carbon atoms are shown as white, hydrogen atoms as black spheres.

Figure 9. Optimized geometry of (a) a pristine and (b) a hydrogenated
graphene bilayer, illustrating a representative arrangement of H atoms,
H-induced corrugation and increase of the interlayer distance. Carbon atoms
are shown as white, hydrogen atoms as black spheres.
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pair of H atoms gains the large energy amount of 1.07 eV with
respect to free H2. This is significantly more than for an isolated
ortho pair, and also the highest value among the geometries
studied here. Much of this extra binding energy comes from an
egg-type distortion of the nanotube, caused by the local sp2 f
sp3 conversion and reflected in the C-C bond length increase
from 1.42 Å to 1.51 Å near the hydrogen chain, depicted in the
right panel of Figure 10b. For the sake of comparison, we also
considered an alternating exo-/ endohedral chain of ortho
hydrogens along the tube axis, shown in Figure 10c. The binding
energy of 0.17 eV for a pair of hydrogens is much lower than
for the all-exohedral chain, even though the C-C bond length
near the hydrogens is the same in both cases. The unfavorable
bonding is caused by the additional stress associated with
alternating convex/concave distortion at the nanotube surface.

Even though isolated ortho pairs aligned normal to the tube
axis are not as stable as those along the axis, this adsorption
geometry, depicted in Figure 10d, causes the largest nanotube
distortion. Independent of whether the hydrogens are initially
chemisorbed exo- or endohedrally, the nanotube unzips axially,
without activation barrier, into a horseshoe shape41,43shown in

the right panel of Figure 10d. The weak interaction between
the hydrogenated edges, at relatively large interatomic distances
across the gap ofdCC ) 2.77 Å anddHH ) 2.18 Å near the
edges, prevents spontaneous, i.e., activation-free, unravelling
to a graphene ribbon. Much of the large energy gain of 0.87
eV per hydrogen pair comes from the structural relaxation and
the energy gain associated with the decoration of edges by the
hydrogens. In comparison to the chain of ortho pairs in Figure
10d, the energy gain associated with forming a chain of para
pairs normal to the axis, depicted in Figure 10e, is very small
at 0.07 eV per hydrogen pair.

To decide whether hydrogen adsorption in chains along the
perimeter is more favorable than forming infinite chains along
the axis, we compared the binding energies in these two
arrangements. We found chemisorbed ortho hydrogens forming
a symmetric ring of six pairs along the perimeter to be very
unstable. Three pairs of chemisorbed para hydrogens, forming
a symmetric ring along the perimeter, are more favorable, but
still less stable by 0.03 eV than three free H2 molecules. Our
calculations suggest that bonding along the perimeter is more
favorable and becomes eventually exothermic if only a small
fraction of the ring is occupied densely, thus causing deforma-
tion and breaking the symmetry by releasing stress. For any
adsorption geometry studied, the energy gain associated with
forming a partly filled ring along the perimeter was much
smaller than the 1.07 eV value for an infinite line of ortho
hydrogens along the nanotube axis.

For hydrogen adsorption on nanotubes at higher coverages,
we base our geometry selection on the fact that the most stable
adsorption arrangement involves lines of hydrogens along the
axis. Since additional hydrogen chains may help to further
release the stress in the nanotube structure, we expect hydrogen
adsorption in such arrangements to be still more energetically
favorable. In what turns out to be the most stable arrangement,
two axially aligned chains of exohedral ortho hydrogens are
adsorbed on opposite sides of the nanotube, as shown in Figure
11a. Stress release due to local rebonding near the hydrogen
chains contributes significantly to the high binding energy of
1.39 eV per hydrogen pair. The resulting flattened structure,
clearly seen in the right panel of Figure 11a, is a precursor to
forming a bi-ribbon with Klein-edges terminated by C-H
radicals. In contrast to this result, adjacent exohedral ortho
hydrogen chains are very unstable energetically. Corresponding
exohedral second-neighbor chains, depicted in Figure 11b, are
more stable, yielding an energy gain of 0.68 eV per hydrogen
pair.

Finally, we compared our results for zigzag chains of
hydrogens in Figure 11, parts a and b, to those for axially aligned
chains of exohedral ortho hydrogens that are paired normal to
the axis, as shown in Figure 11c. We considered two of these
hydrogen chains adsorbed on opposite sides of the nanotube.
Even though the ortho adsorption geometry normal to the axis
is less stable than the axial zigzag arrangement, this particular
bonding allows an activation-free transition to a pair of graphene
ribbons with H-terminated zigzag edges. An even larger
nanotube relaxation energy than in the geometry of Figure 11a
contributes to the large hydrogen binding energy of 1.59 eV
per hydrogen pair. This and other large structural changes,
predicted in our calculations, are caused by hydrogen-induced
destabilization of the sp2 bonded carbon nanostructures. This

Figure 10. Schematic depiction of possible low-coverage H adsorption
geometries on the wall of a (6,6) single-wall carbon nanotube, in side view
(left panels) and end-on view (right panels). Carbon atoms are shown
as white, hydrogen atoms as larger black spheres. Carbon bonds most
affected by the adsorption are emphasized by the black lines. The axis
direction is indicated by arrows. Particular geometries are discussed in the
text.
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can be viewed as the underlying cause of the hydrogen-induced
embrittlement, observed in the electron micrographs of hydro-
genated nanotubes in Figure 3.

As discussed earlier, hydrogen adsorption increases the
interlayer distance and separation energy in graphene bilayers,
shown in Figure 9. We observe a very similar trend with SWNTs
when comparing the interaction between pristine or hydrogen-
covered (6,6) SWNTs for either a pair or an infinite triangular
lattice nanotubes. Since interlayer interactions and optimum
energies of pristine and hydrogenated nanotubes are known to
depend sensitively on the choice of the basis, we checked the
convergence of our DFT results using a localized basis to plane-
wave calculations for the infinite lattice.

We consider a monolayer coverage in our calculations,
corresponding to one H atom per carbon in the nanotube. At
this coverage, the diameter of a (6,6) nanotube increases by
15% from 0.82 nm in the pristine system to 0.94 nm in the
H-covered system. Exposure to hydrogen also causes a 6% axial
expansion. The effect of hydrogen adsorption on the equilibrium
geometry of a nanotube pair can be seen in Figure 12. The
presence of chemisorbed hydrogen not only causes an increase
in the nanotube diameter, but also maximizes the inter-tube
contact area by flattening the softer hydrogenated nanotube in
the contact area, as seen clearly in Figure 12b. These deforma-
tions are suppressed in nanotube bundles by the imposed sixfold
symmetry of the triangular lattice. In the infinite bundle, the
inter-wall distance increases by 11% fromdiw ) 3.13 Å in the
pristine system todiw ) 3.50 Å in the H-covered system. The
energy gain per nanotube, associated with the formation of a
triangular lattice, increases from 1.16 eV/nm in the pristine

system to 3.25 eV/nm in the hydrogenated system. Assuming
pairwise inter-tube bonds in the infinite lattice, this translates
into the separation energyEsep) 0.39 eV/nm for a pristine and
Esep ) 1.08 eV/nm for a hydrogenated nanotube pair.

One of our intriguing results is the predicted increase in the
separation energy of graphene and nanotubes when covered by
hydrogen. For the sake of computational convenience, we
studied artificially high hydrogen coverages of graphene and
nanotubes. At these high coverages, the hydrogenated system
is often only metastable with respect to the pristine system and
free H2 molecules. As two hydrogenated surfaces are brought
to close vicinity, a large number of hydrogen atoms becomes
confined in the restricted inter-wall space. Initially chemisorbed
hydrogens on the confining nanotube/graphene walls start
interacting with a tendency to form H2 molecules, albeit subject
to unrealistically high gas pressures that impose an energy
penalty. The chemisorbed hydrogen is thus frustrated by its
inability to desorb and form H2 gas according to its initial
energetic preference because of the energy penalty to do so in
the restricted inter-wall space. The calculated enhancement of
the energy to separate hydrogenated graphene and nanotubes
thus only reflects the covalent H-H interaction in the frustrated
state associated with large hydrogen coverages. At lower
hydrogen coverages, the separation energy is likely to decrease.

At first glance, our finding of a stronger interaction between
hydrogenated nanotubes and graphene bilayers contradicts the
observed de-bundling effect attributed to hydrogenation. To
understand de-bundling in the real system, however, we must
consider the presence of polyamine hydrogenating agents and
the solvent. We should expect de-bundling to be initiated by
residual polyamines, which also act as surfactants. Additional
de-bundling should occur in the presence of the solvent, which
can penetrate more easily inside hydrogenated bundles that
exhibit a larger inter-tube spacing. Solvents are likely to react
more strongly with H-SWNTs due to their partial sp3 bonding
character, thus causing the observed de-bundling.

For the sake of comparison with the vibrational spectra in
Figure 6, and as a further characteristic of the bonding character,
we also calculated the vibrational modes of hydrogen adsorbed
on graphitic carbon. We considered a model system containing

Figure 11. Schematic depiction of possible high-coverage H adsorption
geometries on the wall of a (6,6) single-wall carbon nanotube, in side view
(left panels) and end-on view (right panels). Carbon atoms are shown as
white, hydrogen atoms as larger black spheres. Carbon bonds most affected
by the adsorption are emphasized by the black lines. The axis direction is
indicated by arrows. Particular geometries are discussed in the text.

Figure 12. Optimized geometry of a pair of (a) pristine and (b)
hydrogenated (6,6) single-wall carbon nanotubes. Carbon atoms are shown
as white, hydrogen atoms as larger black spheres.diw refers to the inter-
wall distance.
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either a single H atom or ortho and para hydrogen pairs adsorbed
on a graphene monolayer and calculated the normal modes of
the C(sp3)-H stretching vibrations. Since the nature and stability
of the C-H bond on graphene and nanotubes is very similar,
and since vibrational spectra are determined by the force
constants and the atomic masses only, we expect the C-H
related vibrational spectra on graphene and nanotubes to be
essentially the same. The calculated C-H stretching frequency
for a single H atom adsorbed on a graphene monolayer is 2689
cm-1. The added stability resulting from ortho and para pairing
of hydrogens, discussed above, blue-shifts this frequency to 2878
cm-1 and 2853 cm-1 for ortho pairs (symmetric and asymmetric
C(sp3)-H stretching, respectively), and to 2742 cm-1 and 2765
cm-1 for para pairs. The experimentally observed C(sp3)-H
stretching vibrations for H-SWNTs in the range 2849- 2962
cm-1 suggest that polyamine hydrogenation occurs preferentially
with the more stable ortho hydrogen pairing.

3. Mechanism of Polyamine Hydrogenation.The recently
proposed hydrogenation mechanism of [60]fullerene by poly-
amines25 involves an electron transfer from the polyamine to
the fullerene, followed by a proton transfer from the N-H group
to [60]fullerene, resulting in a neutral C60H radical and a
neutral N-centered polyamine radical that is missing one hy-
drogen. The electron transfer is believed to involve the pro-
nounced charge density lobe near the N atom in the nonbonding
HOMO and HOMO-1 orbitals of the polyamine molecule
diethylenetriamine (DET), depicted in Figure 13, parts a and b.

In the case of diethylenetriamine reacting with a nanotube,
the total energy of the system after one hydrogen transfer,

yielding a hydrogenated nanotube radical and an isolated neutral
DET radical, has risen by 3.6 eV. Since the hydrogen transfer
between isolated entities is thermodynamically unfavorable, the
mechanism likely involves diethylenetriamine chemisorption on
the nanotube as a necessary step.47 The likely adsorption
geometry of DET on the (6,6) nanotube is depicted in Figure
13c. In this docking arrangement, the charge density lobes of
the HOMO and HOMO-1 orbitals near the N sites are overlap-
ping with the unfilled C2p⊥ states on the nanotube, thus reducing
the energy barrier for hydrogen transfer.47

V. Summary and Conclusions

In conclusion, we combined experimental observations with
ab initio calculations to study the reversible hydrogenation of
single-wall carbon nanotubes (SWNTs) using high boiling
polyamines as hydrogenation reagents. Our calculations char-
acterize the nature of the adsorption bond and identify prefer-
ential adsorption geometries at different coverages. Theoretical
results, combined with transmission electron microscopy, Raman
spectroscopy, infrared spectroscopy, and thermal gravimetric
analysis data lead us to conclude that chemisorbed hydrogen
modifies the structure and stability of nanotubes significantly
and increases the inter-tube distance, thus explaining the
improved dispersability of H-SWNTs in solvents like methanol,
ethanol, chloroform, and benzene.
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Figure 13. Equilibrium structure superimposed with (a) the highest
occupied molecular orbital (HOMO) and (b) the second highest occupied
molecular orbital (HOMO-1) of the polyamine molecule diethylenetriamine
(DET). (c) Likely docking geometry of DET on the (6,6) carbon nanotube,
where hydrogen transfer from the amine radical to the nanotube is most
likely to occur.

Hydrogenation of Carbon Nanotubes A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 130, NO. 7, 2008 2303


