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Density functional theory has been used to study the interaction of molecular and atomic hydrogen
with (5,5 and(6,6) single-wall carbon nanotubes. Static calculations allowing for different degrees

of structural relaxation are performed, in addition to dynamical simulations. Molecular
physisorption inside and outside the nanotube walls is predicted to be the most stable state of those
systems. The binding energies for physisorption of thertdlecule outside the nanotube are in the
range 0.04—-0.07 eV. This means that uptake and release of molecular hydrogen from nanotubes is
a relatively easy process, as many experiments have proved. A chemisorption state, with the
molecule dissociated and the two hydrogen atoms bonded to neighbor carbon atoms, has also been
found. However, reaching this dissociative chemisorption state for an incoming molecule, or starting
from the physisorbed molecule, is difficult because of the existence of a substantial activation
barrier. The dissociative chemisorption deforms the tube and weakens-t@ libnd. This effect

can catalyze the shattering and scission of the tube by incoming hydrogen molecules with sufficient
kinetic energy. ©2002 American Institute of Physic§DOI: 10.1063/1.1488595

I. INTRODUCTION relevant process is the physisorption of molecular hydrogen
on the walls outside or inside the nanotubes. Using DFT we
Motivated by the search for materials with good capacityhave investigated the adsorption of Bin a planar graphene
for storing hydrogen, the absorption of hydrogen by carbornayer? and the interaction between,Hand SWNT nano-
nanotubes and graphitic fibers has been investigated by settthes has been studied in some recent p&defs.Tada
eral groups:™*The results are controversial, with reports of et al?® reported a purely repulsive interaction between H
high absorption capacity alternating with less optimisticand a planar graphene layer, a prediction in disagreement
ones. Additional experiments on well-controlled samples aravith our previous result and with the experiments for ad-
needed to resolve the discrepancies between experimentalerption on graphite pores, nanotube bundles, and nano-
ists. Also, theoretical calculations may be very useful to unfibers. The discrepancy between the results of the two calcu-
derstand the nature of the absorption and storage proc€ssegations is due to the different treatments of exchange and
Computer simulations of the hydrogen adsorption have beegorrelation effects: the local density approximati@rDA )
performed using model potentials to describe thewas used by Arellan@t al?® and the generalized gradient
interactions.**~*°The use of empirical potentials is conve- approximation(GGA) by Tadaet al?® The GGA has been
nient for massive simulations, but ondy initio calculations criticized® for giving a purely repulsive interaction between
can give an accurate description of the interaction of hydrosystems characterized by weak bonding forces, as occurs for
gen with the graphitic fibers. the H-graphite system. A recent study of the interaction
Using density functional theoryDFT), Jeloaica and of molecular hydrogen with planar graphitic clusters by
Sidis® calculated the interaction between atomic hydrogerOkamoto and Miyamofd has confirmed that the LDA pre-
and a graphite surface. Similar calculations have been pedicts physisorption of the molecule, while the GGA and
formed to study the interaction of atomic hydrogen with hybrid-DFT methods lead to a repulsive interaction. Further-
single-wall nanotubesSWNT's),>=2* and Guseren and more, the LDA interaction energy curve was in very good
co-workeré* found that the binding energy depends sensi-agreement with the results of second-order Mgller-Plesset
tively on the curvature of the nanotube. Lee and®qeer-  (MP2) calculations performed by the same authors.
formed DFT and tight-binding calculations to search for H Tadaet al?® also find a repulsive interaction between H
chemisorption sites in SWNT's. Although the chemisorptionand(6,6) carbon nanotubes; however, at short distances from
of atomic hydrogen is an important issue, the technologicallfthe nanotube wall the molecule undergoes dissociative
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chemisorption, but a barrier of 2 eV has to be overcome. The
magnitude of this barrier becomes reduced for tubes of very
small diameteri(4,4) and (3,3 nanotubes. The calculations
of Chan and co-workef&also give a purely repulsive inter-
action between KHand(6,6) nanotubes at ordinary pressure,
but under high external pressure they predict dissociative
chemisorption or{6,6) SWNT bundles.

In our opinion the interplay between molecular phys-
isorption and atomic chemisorption is still an open question
and in this paper we use DFT to investigate the interaction of
atomic and molecular hydrogen wits,5 and (6,6) nano-  FIG. 1. Physisorption configurations with the axis of therhblecule above
tubes, both outside and inside the tubes. For this purpose weCc—C bond(A) and above a hexagon with the molecular axis paréBel
perform static calculations as well as dynamical simulationd” PePendiculatC) to the hexagon surface.
of the process of an Hmolecule approaching a nanotube.

The main purpose pf our'work IS tq compare the pO.SS'b"me.Stance, or the H-SWNT distance, is allowed to vary. Those
for molecular physisorption and dissociative atomic chemi- . . .
sorption. qalculatlons have the wrtqe of allowing us to plot .the poten—
tial energy of the system in terms of a single variable: the
Il. COMPUTATIONAL METHOD distance between the center of mass of tlaemlecule apd .
the nanotube wall. Then, another set of static calculations is

The calculations of the interaction between the hydrogemerformed in which the H-H distance is allowed to vary
atom, or the hydrogen molecule, and the carbon nanotubeghile maintaining all the G-C distances in the SWNT still
have been performed with tfa initio FHI96MD code®! This  frozen. In a third stage, damped dynamical simulations are
code uses the DFT to compute the electron density and theerformed in which the molecule is first placed at a certain
total energy of the system, and we have employed the LDAlistance from the SWNT and the whole system is then al-
to account for exchange and correlation efféétShe code lowed to dynamically relax by the action of the instantaneous
uses a triangular supercell geometry and a plane-wave eferces on all the atoms, until it reaches a nearby energy mini-
pansion for the electronic wave functions. Only the electronsnum in the potential energy surface. In those simulations,
of the hydrogen atoms and the external electror&Z@®)  the initial H—H bond length is sometimes that of the free
of the carbon atoms are explicitly considered in the calculamolecule, but we have also started with configurations cor-
tions, while the %? core of each carbon atom is replaced byresponding to a dissociated molecule.

a pseudopotential. For this purpose we have selected the

nonl | norm-conservin tentials of Hamman an
cg-wtz)crlazers(33 NgzloScZIit %npfﬁ;dcoaprgoen a'l‘s:uczllo 3tentiaal ias HI' INTERACTION OF H, AND H WITH (5,5) CARBON
' y P P NANOTUBES: STATIC CALCULATIONS

restricted tol =2, and we take the component as the local
part. A kinetic energy cutoff of 40 Ry for the plane-wave The radial approach of the Hnolecule to the SWNT
expansion of the electronic wave functions was used in mosturface following a pathway with the molecular axis parallel
calculations. This is similar to the cutoff chosen by Tadato a bond between two nearest-neighbor carbon atoms on the
et al?® (44 Ry), but in selected cases, to be indicated in thenanotube was considered by Taetzal 26 as the most prob-
text, we have used higher cutoff energies. A sindglepoint  able pathway for dissociative adsorption. Then, after an ini-
was used in the Brillouin zone sampling. tial optimization of the structure of the fre®,5 SWNT,
Below we present results for static calculations and dy-which gives an average-€C bond length of 2.68 a.u. and a
namical simulations for the interaction of H and, iith nanotube radiusR=6.44 a.u.,, a hydrogen molecule was
(5,5 and (6,6) nanotubes. The supercell, which contains 20placed upon the middle point of a€C bond and parallel to
carbon atoms in the case @,5) nanotubes, is defined by the that bond(configuration A in Fig. 1, and the energy of the
lattice parametera=28.96 a.u. and¢=4.64 a.u. In selected system was calculated as a function of the distabgdrom
cases, to be explicitly indicated in the text, we have used #he center of mass of the molecule to the nanotube axis. In
larger value fora. In the triangular supercell lattice, the dis- these initial calculations the distance between the two H at-
tance between the axes of two adjacent nanotubes is given loyns was mantained fixed, equal to 1.48 a.u., the equilibrium
the cell parametea. A bigger supercell with 48 carbon at- bond length of the free molecule obtained previodslgnd
oms is used in the case ,6) nanotubes. In that case, the the coordinates of all the carbon atoms of the SWNT were
value ofa is againa=28.96 a.u., but the value ofhas been also kept frozen. Neglecting the relaxation of the interatomic
doubled,c=9.28 a.u. In addition, several dynamical simula- distances imposes rather restrictive conditions, but allows us
tions were done for th&,6) nanotube system, with the same to plot the interaction energy curve in terms of a single pa-
¢ parameter as for th€s,5 nanotube and 24 carbon atoms. rameter, the distanc®,, and this curve can serve as a ref-
The presentation of our results is structured in a way thaerence for the more realistic calculations including relaxation
allows to appreciate the effect of the relaxation of inter-to be presented below. Weak physisorption wells are ob-
atomic distances. First, static calculations are performed itained for the molecule inside and outside the nanotube, and
which the H bond length, as well as the-CC distances in the absolute minimum of the potential energy occurs for the
the nanotube, is frozen and only the molecule-SWNT disimolecule at the center of the tube. The interaction energy
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T I experimental value of 0.062 eV obtained by Broemal®*

0.6 | }“‘ b 1 by thermally activated K desorption from nanotubes with
{ { ] radius about 13 a.u. The calculated position and depth of the
H physisorption well are consistent with the corresponding val-
| J ! | ues obtained for the interaction of,ivith a planar graphene
L T layer®: the equilibrium distance of the molecule to the pla-
021 | XO ] nar graphene layer in the parallel configuration upon a hexa-
é gon (the most stable configuratipis 5.07 a.u. and the bind-
00 | o o8008 ing energy is 0.086 eV. The slightly lower binding to the
W nanotube is a curvature effect, but in both cases, graphene
® and nanotube, the position of the minimum of the outer phy-
‘O'zqﬁ ] sisorption well occurs for the molecule above the center of a
0 5 4 6 8 10 12 12 18 carbon hexagon. The depth of the physisorption well for the
DISTANCE (a.u.) FROM H2 MOLECULE TO (5,5 NANOTUBE Axis  graphene layer is in perfect agreement with the result of an
MP2 calculatior?? which also gives a binding energy of
FIG. 2. Interaction energy of the,Hnolecule and 5,5 SWCN, obtained 0.086 eV. These binding energies are also consistent with the

in static calculations in which the-HH and all the G-C bond lengths are | din th irical tentiz® which b
kept frozen, and only the distan€g, between the molecule and the SWNT values used In the empirical potentials, which range be-

axis is varied. In the approach of the molecule to the nanotube, the center éveen 0.03 and 0.05 eV.
mass of the molecule is upon the midpoint of a-C bond with the mo- Although it is known that the LDA does not account for

lecular axis parallel to that bon@ircles or upon the center of a hexagon dispersion forces between molecules, which strictly act in the

with the molecular axis parallétrossesor perpendiculatdiamonds$ to the limit of nealicible overlap between the electron densities. it

hexagon surface. .g g p ) ; o
usually gives reasonable results for the interactions in the
region of small overlap for systems with weak interaction

curve is given in Fig. 2. This is the curve joining the circles.fo.rc.es’ that is, in the region of the physisorption

We have subtracted the asymptotic value of the energy Odpmlmum_so,ss—ss-rhe m"f“” reason Is the nonlinearity of the
tained for a sufficiently large distand®,. The external exchange energy density functional

minimum occurs foD, near 12.0 a.u., that is, at a distance

D,, about 5.5 a.u. between the molecule and the nanotube ()= = 3(3/m)n(r)*3, 1)
wall (D,,=D,—R), and its depth is 0.043 eV. The interac-

tion rapidly becomes highly repulsive as the molecule apwhich means that even without density redistribution, the
proaches the nanotube wall. The attractive well is deeper foexchange energy density of the interacting system in the re-
the molecule inside the tuli@s depth is 0.17 €}/ an effect gion of space where the densities overlap, namely,
of the opposite curvature inside and outside the nanotube,(r)=— (3/7)Yqn,(r)+n,(r)]*3 is more negative than
Inside the nanotube the molecule effectively sees a largghe sum of the corresponding energy densities of the indi-
nanotube area, and the energy minimum coincides with theidual molecules. The presence of a physisorption well is
nanotube axis because the nanotube radius is only slightlyonsistent with the abundant experimental information on
larger than the optimun physisorption distance. The enhancebsorption of H by SWNT'’s and graphitic fibers.

04| |

ENERGY (eV)

ment factor for the binding energi,(inside) E,(outside), It is natural to expect that the preferred site for the ab-
is consistent with the MP2 results obtained by Okamoto andorption of a single hydrogen atom on a SWNT is on top of
Miyamotc® for planar and curved graphene clusters. a carbon ato?~24 in fact, the G—H stretching mode has

Some tests were performed to investigate the sensitivitheen observed using Fourier transform infrared
of the results to details of the computational method. Enlargspectroscopy* So we have studied the radial approach of the
ing the lattice parametea from 28.96 a.u. to 40 a.u. has a hydrogen atom to the nanotube following a path on top of a
negligible effect on the binding energy of the molecule: theC atom. The interaction energy has a minimum oy near
binding energyE, outside the nanotube is again 0.043 eV.9.0 a.u.(2.6 a.u. from the nanotube waglland the binding
The same value for the binding energy and a nearly identicagnergy is 0.9 eV. Also we calculated the energy of interaction
position of the minimum were also obtained when the latticefor the perpendicular approach of the hydrogen atom upon
parameter is 28.96 a.u. and the plane-wave cutoff energy ihe midpoint of a carbon-carbon bond. The corresponding
increased from the previous value of 40 Ry to 70 Ry. interaction energy curve is less attractive, with a binding

The results for the radial approach of the molecule uporenergy of 0.46 eV, but at the same time it is less repulsive at
the center of a hexagon of carbon atoms, with the moleculashort distances from the wall. The lower binding energy sug-
axis parallel and perpendicular to the hexagon surfaoa-  gests that the configuration corresponding to the minimum of
figurations B and C in Fig.)] are also shown in Fig. 2. The the latter curve is simply the saddle point for the migration of
inner minimum lies again at the nanotube center in botithe H atom from its equilibrium position upon a C atom to
cases. The outer one occurs Bt,=11.5a.u. andD, another equivalent equilibrium position upon an adjacent C
=11.4 a.u. for the perpendicular and parallel configurationsatom following a path along the-€C bond. The migration
respectively, that is, at distancBg, of 5.1 a.u. and 5.0 a.u. energy barrier is 0.45 eV. The two curves just described have
from the nanotube wall. The binding energies outside théeen plotted in Fig. 3. These are the curve joining the tri-
nanotube are the samg,=0.068 eV, consistent with the angles and the curve joining the squares, respectively, al-
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FIG. 3. Interaction energies for the radial approach of atomic and molecular

hydrogen to &5,5 SWCN, obtained in static calculations similar to those FIG. 4. Interaction energies between &hd a(5,5 nanotube. The molecule

reported in Fig. 2. The approach of the hholecule is upon the center of a is upon a G—C bond. The &-C distances are kept frozen. The—+H

hexagon, with the molecular axis parallel to the hexagon sulf@osses distance is maintained frozen in the upper cusiecles, and it is optimized

The approach of the hydrogen atom is upon a carbon dtdengles or in the lower curve(crosses

upon the midpoint of a &-C bond(squares The energies of the curves for

atomic H have been multiplied by a factor of 2 and shifted upwasée

texy. indicates that twgor more H atoms can be chemisorbed on

the surface of the nanotube, provided that those two H atoms
are sufficiently separated from each other. However, this is
14t the most stable state of the system. The prediction is that
Win the most stable state the two H atoms form a bound mol-
ecule, physisorbed on the surface of the nanotube. A lower
bound for the energy barrier for the dissociation of the H

‘molecule on the nanotube surface can be obtained by sub-
tractlng the energies of the minima of the atomic and mo-
Tecular curves in Fig. 3. This rough estimation gives 3 eV.
The prediction of molecular physisorption is also valid on
the inner wall of the nanotube.

though each one of those potential energy curves has be
multiplied by a factor of 2, for reasons to be discussed below.
The binding energiesfa H atom to graphitic surfaces
(nanotubes and graphermalculated using DFT show a wide
range of values, and our results lie within that range
Gliseren et al?* obtained binding energies to nanotubes
higher than 2 eV. The extrapolation of their results to a nano
tube of infinite radiugplanar graphenegivesE,=1.49 eV.
Bauschliche?! obtainedE,=0.93 eV for a(10,10 nanotube.
On the other hand, Jeloaica and Siflisave calculated the
binding energy of the H atom to a graphene layer simulated
by a finite cluster using different exchange-correlatign) IV. INTERACTION OF H, AND H WITH (5,5) CARBON
functionals. The binding energies spanned a range of valu ASSLUEEEAEQTLI%%LANONS INCLUDING
between 0.1 and 0.6 eV, depending on the xc functional and
the degree of geometrical relaxation allowed for the C atoms  Next we have performed calculations in which, for each
on the cluster, with the upper value of 0.6 eV correspondingeparatiorD, between the molecule and the nanotube axis,
to the best calculation. In summary, considering the spread dhe distancel between the two hydrogen atoms is allowed to
values obtained in previous calculations for nanotubes andary to minimize the energy of the system, still maintaining
graphene, we consider that the value near 1 eV that we haveozen the positions of the carbon atoms of the nanotube; this
obtained for the binding energy of the H atom to 155  was done by performing several static calculations corre-
nanotube is a reasonable result. sponding to different values af. The orientation of the mol-
The curves giving the interaction of the hydrogen atomecule was parallel upon a-€C bond. For distance®,
and the nanotube plotted in Fig. 3 have been multiplied by darger than 9.5 a.u. there is practically no relaxation of the
factor of 2 in order to compare those curves with the interbond length of the molecule. However, for closer approach to
action of a H molecule with the same nanotube. The inter-the nanotube, that is, well inside the repulsive part of the
action potential betweengand the nanotube, corresponding H,-SWNT interaction potential of Fig. 2, there is an appre-
to the case of the molecule parallel upon a hexagon, has alsiable H—H bond length relaxation. For instance, when
been included in Fig. 8notice that the energy scales of Figs. D,=8.5 a.u., the H-H distanced increases up to 3.3 a.u;
2 and 3 are very differeptFurthermore, to compare molecu- that is, the molecule dissociatésotice that the bond length
lar and atomic absorption, the curves representing atomiof the free molecule is 1.48 a)uand there is an associated
absorption have been displaced with respect to the moleculdowering of the energy of the system. For even shobgr
absorption curve by a constant shift of 4.76 eV, which is theseparations, the two H atoms are pulled farther apart from
experimental dissociation energy of the hydrogen molecul@ach other. That is, relaxation of the molecular bond length
in two H atoms(the value that we calculate using the spin-lowers the energy of the system for valuedDgfsmaller than
polarized LDA is very close to this quantjtyThe fact that 9.5 a.u., as we show in Fig. 4 by a comparison of the
the curve for the H atom on tod a C atom has a minimum H,-nanotube potential energy curves withdqotrcles and
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with (crosses relaxation of the molecular bond lengtive top view
stress that the H-H distance is not constant for the later
curve. A shallow plateau now appears in the regibnp
=8.5-9.0a.u. p,=2.1-2.6 a.u.) of the later curve. The
H—H distances in that region are in the rangk
=3.1-3.3 a.u. This feature, combined with the analysis of

perspective view

Fig. 3, indicates that the molecule dissociates when forced to side view
approach sufficiently close to the nanotube wall. However, .
relaxation of the molecular bond length does not alter the

main picture, and the absolute energy minimum of the sys-
tem occurs for the molecule physisorbed at a distaDge FiG. 5. Configuration snapshot at the verge of nanotube scission for a dy-
near 12 a.u. The energy barrier required to reach the dissoamical simulation starting with a dissociated hydrogen molecule with its
ciative chemisorption state, measured from the energy of thgenter of mass initially at a distané®,=8.5 a.u. from the axis of &,5

hvsi ti . is 2.6 eV. | istent .thcarbon nanotube. Three views are provided. The two hydrogen atoms of the
P ysusqrp |c_)n m!mmu_m’ IS 2.6 eV, a value consistent With ,,1ecyle become attached to neighbor carbon atthes two H—C dis-
the estimation given in Sec. Ill above. tances are aproximately 2.14 a,uand the nanotube is substantially de-

To complement the static calculations we have performed. The weakened-GC bond is breaking and this is indicated by the

formed damped molecular dynamics simulations Startin@ashed line between the two C atoms. To improve the visualization of the
f | initial fi . dd icall ’ laxi ystem, the structure shown contains two simulation cells along the direction
rom several initial configurations and dynamically relaxing o the nanotube axis.
the system under the action of the forces on the atoms. First
of all we performed a simulation with initial conditiori3,

=9.5a.u. andd=1.47 a.u. The dynamical evolution of the by the combined effects df) the weakening of the ©-C
system drives the molecule towards the physisorption miniong py the concerted chemisorption of the two H atoms and
mum. In the final configuratiord=1.48 a.u., and the nano- (p) the excess energy initially deposited on the system, since
tube shows no distortion. The energy of the system in thishe simulations begin from configurations of high potential
configuration is almost identical to that obtained in the staticenergy. One has to keep in mind that we have performed the
calculation forD,=12 a.u. The simulation also shows that simulations for a periodic super lattice. Because of the peri-
the axis of the physisorbed molecule changes easily its origdic repetition along the direction of the nanotube axis, there
entation with respect to the SWNT axis. To analyze the senis g breaking G-C bond in each unit cell of the nanotube, so
sitivity of the simulations to the cell paramet@r dynamical  the nanotube is cut along a line parallel to the nanotube axis.
simulations were performed with a larger cell parameter Beyond this point the scission of the nanotube produces a
=40 a.u. and initial condition®,=12.5a.u.,d=1.47a.u.  pronounced instability of the simulation. Scission suddenly
The simulations produce a minimal increase @f (d  opens a new region in the potential energy landscape, where
=1.48a.u.) and leave the molecule in the physisorptiorthe broken nanotube follows a steep path towards the forma-
well, with the H atoms at equal distance of 12.1 a.u. from th&jon of a planar graphene sheet, but this process cannot be
nanotube axis, so the results are consistent with those olprandled by our simulations because the dimensions of the
tained with the smaller cell parametea< 28.96 a.u.). simulation cell (in particular, the value of) are not big

On the other hand, several simulations were performeénough to accomodate the unfolding. We present additional
starting with a dissociated molecule initially placed at sepaevidence of scission for the case of tt&6) nanotubes in
rations between its center of mass and the nanotube axis ®ec. VI below. Before going further we stress that a configu-
the rangeD,=7.5-8.5a.u,, that is, at close distand®s ration of high potential energgH, molecules very close to
=1.1-2.1 a.u. from the nanotube wall. The analysis of thehe nanotube wallis required for the breaking of -GC
sequence of configurations as the simulation develops ibonds. However, it is unlikely that the ,Hmolecules wiill
time shows that the circular cross section of the nanotubeeach those regions of the potential energy surface under
becomes substantially deformed due to the strong attachmenbrmal conditions realized in absorption experimefsise,
of the two hydrogen atoms to a pair of nearest carbon atomseverheless, further comments in Sec). VI
A snapshot taken from the simulation is given in Fig. 5, Our simulations have analyzed the effect of a strip of
where the structure plotted contains two simulations cells, iraligned dissociated H-H pairs. Attempts to study more
order to improve visualization of the system. In this configu-complex configurations than the strip would require enlarg-
ration the G—H bond distances reach values of 2.1 a.u., aing the size of the simulation cell. Since the scission effect
bond length shorter than the 2.6 a.u. bond length found fowe have found only occurs under rather special conditions,
the absorption of a single atom. The distance between thosee have not pursued this point. However, the study of dif-
two particular carbon atoms is elongated up to 3.01 a.u. Thigerent patterns under normal absorption conditionssciss-
distance is substantially larger than the-© bond length in  ion) will be worth pursuing and some interesting work has
the free nanotub&.68 a.u). It is even larger than the-GC  already been done on this topic. Experimental observations
bond length in diamond(2.92 a.u), the prototypical of the positions occupied by halogen atoms absorbed outside
sp’-bonded carbon material. The-GC bond is at the verge or inside single wall nanotubes show that those atoms form
of breaking and the shortening of the—GH bond length  well organized patterns and not random arrangem&rifs.
seems itself a consequence of the weakening of theQC lodine atoms incorporated inside SWNT’s form helical
bond. Our interpretation is that the-OC bond is breaking chains®® and fluorinated SWNT’s reveal a structure where
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FIG. 6. Interaction energy of annolecule and &,6) SWCN, obtained in g 7 - |nteraction energies for atomic and molecular hydrogen a6dsa
static calculations in which the-HH and all the G-C bond lengths are  qywcN; obtained in static calculations similar to those reported in Fig. 6.
kept frozen, and only the distan&g, between the molecule and the SWNT e approach of the hydrogen atom is perpendicularly upon the midpoint of
axis is varied. The approach of the molecule to the nanotube is upon thg ¢ ¢ bond (stars, upon the center of a hexagdorossel and upon a
center of a hexagon of carbon atoms, with the axis of the molecule perpens, pon atorm(diamonds. The approach of the molecule is upon a hexagon
dicular (circles and parallel(crosses to the hexagon surface or upon a yith the molecular axis parallétriangles and perpendiculafcircles. The
C—C bond with the molecular axis parallel to that baftdangles. energies of the curves for atomic H have been multiplied by a factor of 2
and shifted upwardésee text

the fluorine atoms absorbed on the outer wall form broad
continuous regions abruptly terminated in bands orthogonahteraction with the(5,5 nanotube: the molecule is weakly
to the tube axi4® Very recent calculations by Bauschlicker physisorbed both outside and inside the SWNT. The depths
for nanotubes covered by a high concentration of atomiof the external and internal wells are 0.07 eV and 0.12 eV,
hydrogen predict that the H atoms do not form random arfespectively. The binding energy in the external well is simi-
rangements. Instead, some particular patterns are favoreldr to that for the(5,5 SWNT. A small difference is that the
For the (10,0 nanotubes, a configuration of pairs of lines minimum for the molecule inside the nanotube does not oc-
parallel to the nanotube axis, similar to our strip configura-cur at the position of the tube axis; it is displaced, instead,
tion, is favored over others like single lines, rings, or spirals.2.5 a.u. from the axis. This is just a size effect arising from
For (5,5 nanotubes, pairs of lines are again more stable thathe larger radiusR=7.78 a.u., of th€6,6) nanotube. For this
ring configurations, although a zigzag pattérelated to the reason, the depth of the inner minimum is, actually, smaller
pair of lines configurationis preferred. for this nanotube. To test the accuracy of these results, a
Dynamical simulations have also been done for the hy<alculation was performed with a cutoff of 70 Ry for the case
drogen molecule inside the nanotube and the results are comhen the molecule approaches the nanotube with the mo-
sistent with the physical picture provided by Fig. 3. The en-lecular axis perpendicular upon the center of a carbon hexa-
ergy minimum occurs for the molecule physisorbed at thegon. The minimum of the outer physisorption well occurs at
nanotube center. The-HH bondlength is 1.48 a.u., and the D=12.6 a.u. and the binding energy is 0.07 eV, in agreement
binding energy of the molecule to the SWNT, measured withwith the calculation with a cutoff of 40 Ry. Finally, in Fig. 6
respect to the energy when the kolecule is far outside the we show another curvériangles for the parallel approach
nanotube, is 0.17 eV. of the molecule upon a-&C bond. That curve is very close
to those for the molecule upon the center of the hexagon.
We have also calculated the energies for the system
formed by a single hydrogen atom approaching radially to-
wards the(6,6) SWNT, and the results are given in Fig. 7.
We have first studied the approach of a molecule to @ne path of approach is above a carbon atdimamonds, a
(6,6) carbon nanotube, with optimized radis=7.78 a.u., second one is perpendicular upon the midpoint of-aC
keeping the interatomic distances frozen in both subsystembond (starg, and a third one upon the center of a hexagon
The supercell contains 48 carbon atoms and has cell paranterosses The corresponding potential energies have been
etersa=28.96 a.u. an¢=9.28 a.u., this one being twice as multiplied by a factor of 2, for the reasons already explained.
large as that used above for tf&5) nanotube. The energy The binding energies for H upca C atom and upon a-€C
cutoff was 40 Ry. We compare in Fig. 6 the potential energybond on the outer part of the nanotube are equal to 1.3 and
curves when the center of mass of the molecule follows d.1 eV, respectively. The equilibrium C—H bond distance in
radial path, perpendicular to the nanotube axis upon the certhe first case is 2.5 a.u., nearly the same bond length found
ter of a hexagon of carbon atoms. Two cases have been stufir the (5,5 nanotube in the same configuration. The binding
ied, with the molecular axis perpendicul@ircles and par- energy upon the center of a hexagon is only 0.4 eV. The
allel (crossey to the hexagon surface. The two curves arebarrier for the insertion of the H atom into the nanotube
very close to each other and confirm the picture found for thdollowing a path through the center of a hexagon amounts to

V. INTERACTION OF H, AND H WITH (6,6) CARBON
NANOTUBES: STATIC CALCULATIONS
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2.3 eV. The barrier is evidently much larger if the H atom is top view
forced to go through a -G-C bond, in agreement with the
result for the(5,5 SWNT (that barrier is about 15 eV; see . perspective view

Fig. 3. Maet al'®°have estimated barriers for the insertion

of H through the wall of(5,5 nanotubes. They performed

dynamical DFT simulations and also simulations based on

phenomenological Tersoff potentials. The heights obtained side view \
are 16 and 14 eV for the DFT and phenomenological inser- M R

tion barriers, respectively. These are substantially higher than

our calculated insertion barrier through the center of a hexa-

gon of the(6,6) SWNT' P.art of .the dlﬁerer.]ce can be due to({lG. 8. Snapshot with the broken nanotube configuration for a dynamical
the fact tha.t dynammal S|m_U|at|0nS only give an upper bOle imulation starting with the hydrogen molecule at a distance 1.2 a.u. from
to the barrier. Notice again that all the H-SWNT potential the external wall of 46,6) nanotube. Three views are provided. To improve
energy curves appearing in Fig. 7 have been multiplied by & visualization of the system, the structure shown contains two simulation
factor of 2 and shifted upwards by 4.76 eV, the dissociatiorf®!'s &0n9 the direction of the nanotube axis.

energy of the H molecule. Those curves can then be inter-
preted as representing the interaction between two separat

H_atoms and théG.'G.) SWNT.’ and can be directly compared 510 4 5 u. from the nanotube axis lead to a final configura-
with the curves giving the interaction between thg rHo.I- . tion with the molecule at 2.1 a.u. from that axis and a bond
ecule and the SWNT. Two of these have been plotted in F'gl'ength of 1.48 a.u. A noticeable effect is that the transversal

7.’ cor;eipondmglto tr:e T“O'ec‘.“e upg_n agexat?onhPhysso(;g—ection of the tube becomes slightly deformed. Selected dy-
tion of the 4 molecule is again predicted to be the groun namical simulations were performed with a simulation cell

state OI th de' tsys(tj(;m,_ t2)u7t the fmoletcr:1ular an;j stom'ﬁ _?_l;rve(s,ontaining 48 carbon atoms, because a larger cell implies a
cross at a distand@,,= . 7 a.u. from the hanotube wall. ThIS ga 161 interaction between the, Hnolecules in different

means that when forced to approach the SWNT closer th.aE'eIIs. The simulations with the molecule initially placed near

this critical distance, the molecule dissociates. The dissomq-he minimum of the outer physisorption well confirm the

tl?Thbarrler, elstm:ate:jt?]s ;hetdlfferenhce btitweer: thel ener%ﬂability of the molecule in that region and show that the
of the H, molecule at the distance when the molecular an rientation of the molecular axis changes easily.

atom_ic CUIVes Cross and the energy of the molecule in its An interesting result is again obtained when the simula-
physisorption well, is 2.5 eV. tion begins with the hydrogen molecule dissociatedl (
=4.1 a.u.) outside the nanotube [3t=9 a.u. from the axis,
that is, at a short distance of ony,=1.2 a.u. from the
nanotube wall. From the potential energy curves of Fig. 7
one can appreciate that this initial configuration corresponds

To investigate the effect of atomic relaxation we firstto a state of high potential energy. Scission of the-C
allowed for the variation of the bond length of the molecule,bond is again found, as for th®,5 nanotube, and a snap-
keeping the atomic positions of the carbon atoms in theshot view is given in Fig. 8. To improve visualization of the
nanotube frozen. The supercell was the same one describsgstem, the structure plotted includes two simulation cells.
in Sec. V above, that is, witlk=28.96 a.u.,c=9.28 a.u.,, Each H atom ends up attacheda C atom, with H-C bond
and 48 carbon atoms. The molecule was placed above tHenghts of 2.07 a.u. Those two carbon atoms are originally
center of a carbon hexagon, and for each distddge the  nearest neighbors in the SWNT, and their separation in Fig. 8
bond lengthd was optimized. The configuration of minimum is 5.76 a.u., strikingly larger than the bondlength 2.68 a.u. in
energy obtained in this way is essentially the same found iithe isolated nanotube. Similar results were obtained for other
Sec. V, that is, with the molecule physisorbed at a distancitial configurations of the Kl molecule close to the nano-
D, equal to 12.6 a.u. and the bond length intact. tube wall.

The calculations just reported were performed using a We expect a similar breaking of-€C bonds if a larger
supercell containing 48 carbon atoms. Dynamical relaxationsupercell in the direction parallel to the nanotube axis were
with this large simulation cell require an enormous amountused, but in those cases the nanotube wall will be shattered
of computing time, and to facilitate the calculations we haveonly locally because of the lower hydrogen concentration.
used smaller simulation cells with 24 carbon atonts ( Those localized scissures, or the grouping of several broken
=4.64 a.u.). We have performed dynamical simulation runsond defects to produce a larger opening, could provide a
for the H, molecule initially at different distances from the way of allowing foreign species to enter the nanotube
nanotube, in positions upon a-CC bond. For initial con- through a shattered wall. Also the weakening ef-C bonds
figurations with the molecule at distandeg between 11 and could provide a hint to explain the mechanism for the dou-
13 a.u., the simulations drive the molecule towards the minibling of SWNT diameters observed by Nikolaeval*! in
mum of the physisorption well. Botb,=13.2 a.u. and the nanotube ropes. In those experiments, SWNT ropes were an-
energy of the system are quite close to those obtained in theealed at temperatures up to 1773 K in a hydrogen atmo-
static calculations. Simulations for the molecule inside thesphere, and it was observed that some neighbor nanotubes
nanotube also give results in agreement with the static cakoalesce, leading to the formation of tubes of larger diam-

89Iations: dynamical runs with the molecule initially sepa-

VI. INTERACTION OF H, AND H WITH (6,6) CARBON
NANOTUBES: CALCULATIONS INCLUDING
ATOMIC RELAXATION
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